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(57) ABSTRACT

It is an object to provide a signal processing circuit for which
a complex manufacturing process is not necessary and whose
power consumption can be suppressed. In particular, it is an
object to provide a signal processing circuit whose power
consumption can be suppressed by stopping the power supply
for a short time. The signal processing circuit includes a
control circuit, an arithmetic unit, and a buffer memory
device. The buffer memory device stores data sent from the
main memory device or the arithmetic unit in accordance with
aninstruction from the control unit; the buffer memory device
comprises a plurality of memory cells; and the memory cells
each include a transistor including an oxide semiconductor in
a channel formation region and a memory element to which
charge whose amount depends on a value of the data is sup-
plied via the transistor.
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SIGNAL PROCESSING CIRCUIT
COMPRISING MEMORY CELL

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. application Ser.
No. 13/336,284, filed Dec. 23, 2011, now allowed, which
claims the benefit of a foreign priority application filed in
Japan as Serial No. 2010-291835 on Dec. 28, 2010, both of
which are incorporated by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a signal processing circuit
including a nonvolatile semiconductor memory device.

2. Description of the Related Art

A signal processing circuit such as a central processing unit
(CPU) has a variety of configurations depending on its appli-
cation but is generally provided with various semiconductor
memory devices (hereinafter simply referred to as memory
devices) such as a register and a cache memory as well as a
main memory device for storing data or an instruction. In
addition, a cache is provided in a CPU so as to be located
between an arithmetic unit and a main memory device in
order to reduce low-speed access to the main memory device
and speed up the arithmetic processing.

It is necessary that a memory device such as a cache per-
forms data writing at higher speed than that of a main memory
device. Therefore, in general, a flip-flop is used as a register
and an SRAM or the like is used as a cache. Further, Patent
Document 1 discloses a structure in which a volatile memory
such as an SRAM and a nonvolatile memory are used in
combination as a cache.

REFERENCE

[Patent Document 1] Japanese Published Patent Application
No. H7-121444

SUMMARY OF THE INVENTION

An SRAM has a structure in which a p-channel transistor
and an n-channel transistor are connected in series between a
node to which a high-level power supply potential is applied
and a node to which a low-level power supply potential is
applied. The p-channel transistor and the n-channel transistor
operate such that when one of the p-channel transistor and the
n-channel transistor is turned on, the other thereof is turned
off. Therefore, ideally, a current between the node to which
the high-level power supply potential is applied and the node
to which the low-level power supply potential is applied is
zero. However, actually, a minute amount of off-state current
flows in the off-state transistor; therefore, the current between
the nodes is not be zero. Thus, power consumption is caused
in the SRAM even in a holding state in which data writing is
not performed.

Although depending on the size of the transistor, for
example, when the p-channel transistor and the n-channel
transistor which are connected in series are formed using a
bulk silicon, an off-state current of approximately 1 pA is
generated at room temperature under a condition where a
voltage between the nodes is approximately 3 V. Two pairs of
p-channel transistors and n-channel transistors which are
connected in series are provided in a general SRAM, and thus
an off-current of approximately 2 pA is generated. In the case
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ofa cache including about 10” memory elements, an off-state
current of the whole cache is 20 pA. As the temperature of an
IC chip in which the cache is provided becomes higher, the
power consumption becomes larger and the off-state current
of the cache becomes several milliamperes.

In order to suppress power consumption, a method for
temporarily stopping supply of a power supply potential to a
cache in a period during which data is not input and output has
been suggested. A volatile memory device in which data is
erased when the supply of a power supply potential is stopped
is used for a cache. Therefore, in the method, a nonvolatile
memory device is provided around the volatile memory
device and the data is temporarily transferred to the nonvola-
tile memory device. However, since such a nonvolatile
memory device is mainly formed using a magnetic element or
a ferroelectric, the manufacturing process is complex.

In addition, when the power supply is stopped for a long
time in a CPU, data in a cache is transferred to an external
memory device such as a hard disk or a flash memory before
the power supply is stopped, so that the data can be prevented
from being erased. However, it takes time to replace the data
back in a cache from such an external memory device. There-
fore, back up of data using the external memory device such
as a hard disk or a flash memory is not suitable in the case
where the power supply is stopped for a short time so as to
reduce power consumption.

In view of the above-described problems, it is an object of
one embodiment of the present invention to provide a signal
processing circuit for which a complex manufacturing pro-
cess 1is not necessary and whose power consumption can be
suppressed. In particular, it is an object to provide a signal
processing circuit whose power consumption can be sup-
pressed by stopping the power supply for a short time.

In order to solve the above-described problems, a memory
device included in a signal processing circuit according to one
embodiment of the present invention includes memory cells
each including a memory element and a transistor which
functions as a switching element for controlling supply, reten-
tion, and discharge of charge in the memory element. Further,
the transistor includes, in a channel formation region, a semi-
conductor whose band gap is wider than that of silicon and
whose intrinsic carrier density is lower than that of silicon. As
such a semiconductor, for example, an oxide semiconductor,
silicon carbide, gallium nitride, or the like which has a band
gap which is approximately twice as wide as that of silicon
can be used. A transistor including the semiconductor can
have much lower off-state current than a transistor including
a normal semiconductor material such as silicon or germa-
nium. The transistor having the above structure is used as a
switching element for retaining charge flowing into the
memory element, whereby leakage of charge from the
memory element can be prevented.

Further, the signal processing circuit according to one
embodiment of the present invention includes, besides the
memory device, an arithmetic unit which exchanges data with
the memory device and a variety of logic circuits such as a
control unit. The memory device functions as a buffer
memory device.

As the memory element, a transistor, a capacitor, or the like
can be used, for example.

Note that a highly-purified oxide semiconductor (a purified
oxide semiconductor) obtained by reduction of impurities
such as moisture or hydrogen which serve as electron donors
(donors) and reduction of oxygen deficiency is an intrinsic
(i-type) semiconductor or a substantially intrinsic semicon-
ductor. Therefore, a transistor including the oxide semicon-
ductor has a characteristic of very small off-state current.



US 9,093,136 B2

3

Specifically, the concentration of hydrogen in the highly-
purified oxide semiconductor that is measured by secondary
ion mass spectrometry (SIMS) is less than 5x10'%cm® or
lower, preferably less than or equal to 5x10'7/cm’, more
preferably less than or equal to 1x10'%c¢m?. In addition, the
carrier density of the oxide semiconductor that can be mea-
sured by Hall effect measurement is less than 1x10"%/cm?,
preferably less than 1x10'%/cm?, more preferably less than
1x10"*/cm®. Furthermore, the band gap of the oxide semi-
conductor is greater than or equal to 2 eV, preferably greater
than or equal to 2.5 eV, more preferably greater than or equal
to 3 eV. With the use of the oxide semiconductor film which
is highly purified by sufficiently reducing the concentration of
impurities such as moisture or hydrogen, off-state current of
the transistor can be reduced.

The analysis of the concentration of hydrogen in the oxide
semiconductor film is described here. The concentration of
hydrogen in the semiconductor film is measured by SIMS. It
is known that it is difficult to obtain precise data in the prox-
imity of a surface of a sample or in the proximity of an
interface between stacked films formed using different mate-
rials by the SIMS in principle. Thus, in the case where the
distribution of the hydrogen concentration of the film in a
thickness direction is analyzed by SIMS, an average value in
aregion of the film, in which the value is not greatly changed
and almost the same value can be obtained is employed as the
hydrogen concentration. Further, in the case where the thick-
ness of the film is small, a region where almost the same value
can be obtained cannot be found in some cases due to the
influence of the hydrogen concentration of the films adjacent
to each other. In that case, the maximum value or the mini-
mum value of the hydrogen concentration in the region of the
film is employed as the hydrogen concentration of the film.
Further, in the case where a mountain-shaped peak having the
maximum value or a valley-shaped peak having the minimum
value do not exist in the region of the film, the value at the
inflection point is employed as the hydrogen concentration.

Various experiments can actually prove low an off-state
current of the transistor including the highly-purified oxide
semiconductor film as an active layer. For example, even with
an element with a channel width of 1x10° um and a channel
length of 10 um, in a range of from 1 V to 10 V of voltage
(drain voltage) between a source terminal and a drain termi-
nal, an off-state current can be less than or equal to the
measurement limit of a semiconductor parameter analyzer,
that is, less than or equal to 1x107'* A. In this case, it can be
found that an off current density corresponding to a value
obtained by dividing the off current by the channel width of
the transistor is less than or equal to 100 zA/um.

Note that an oxide semiconductor preferably contains at
least indium (In) or zinc (Zn). In particular, In and Zn are
preferably contained. As a stabilizer for reducing variation in
electric characteristics of a transistor including the oxide,
gallium (Ga) is preferably additionally included. Tin (Sn) is
preferably contained as a stabilizer. Hafnium (Hf) is prefer-
ably contained as a stabilizer. Aluminum (Al) is preferably
contained as a stabilizer.

As another stabilizer, one or plural kinds of lanthanoid such
as lanthanum (La), cerium (Ce), praseodymium (Pr), neody-
mium (Nd), samarium (Sm), europium (Eu), gadolinium
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium
(Er), thulium (Tm), ytterbium (Yb), or lutetium (Lu) may be
contained.

As the oxide semiconductor, for example, an indium oxide,
a tin oxide, a zinc oxide, a two-component metal oxide such
as an In—Zn-based oxide, a Sn—Zn-based oxide, an
Al—7n-based oxide, a Zn—Mg-based oxide, a Sn—Mg-
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based oxide, an In—Mg-based oxide, or an In—Ga-based
oxide, a three-component metal oxide such as an In—Ga—
Zn-based oxide (also referred to as IGZO), an In—Al—Z7n-
based oxide, an In—Sn—Zn-based oxide, a Sn—Ga—Zn-
based oxide, an Al—Ga—Z7n-based oxide, a Sn—Al—Zn-
based oxide, an In—Hf—Zn-based oxide, an In—La—Zn-
based oxide, an In—Ce—Zn-based oxide, an In—Pr—Zn-
based oxide, an In—Nd—Zn-based oxide, an In—Sm—Zn-
based oxide, an In—FEu—Zn-based oxide, an In—Gd—Zn-
based oxide, an In—Tb—Z7n-based oxide, an In—Dy—Z7n-
based oxide, an In—Ho—Zn-based oxide, an In—Er—Zn-
based oxide, an In—Tm—Zn-based oxide, an In—Yb—Zn-
based oxide, or an In—Lu—Zn-based oxide, a four-
component metal oxide such as an In—Sn—Ga—Zn-based
oxide, an In—Hf—Ga—Zn-based oxide, an In—Al—Ga—
Zn-based oxide, an In—Sn—Al—Zn-based oxide, an
In—Sn—Hf—Zn-based oxide, or an In—Hf—Al—Zn-
based oxide canbe used. The above oxide semiconductor may
contain silicon.

Note that, for example, an In—Ga—Zn-based oxide means
an oxide containing In, Ga, and Zn, and there is no limitation
onthe ratio of In, Ga, and Zn. Further, the In—Ga—Zn-based
oxide may contain a metal element other than In, Ga, and Zn.
Note that an In—Ga—Zn-based oxide has sufficiently high
resistance when there is no electric field and thus an oft-state
current can be sufficiently reduced. In addition, also having
high field-effect mobility, the In—Ga—Zn-based oxide is
suitable for a semiconductor material used in a signal pro-
cessing circuit.

The application of the memory element having the above
structure to the memory device such as the buffer memory
device included in the signal processing circuit makes it pos-
sible to prevent data in the memory device from being erased
due to the stop of the power supply. Therefore, the power
supply can be stopped even for a short time in the signal
processing circuit or one or a plurality of logic circuits
included in the signal processing circuit. Accordingly, it is
possible to provide a signal processing circuit whose power
consumption can be suppressed and a method for driving the
signal processing circuit whose power consumption can be
suppressed.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIGS. 1A to 1C are a block diagram of a signal processing
circuit, a diagram illustrating a structure of a memory cell,
and a cross-sectional view of a transistor, respectively;

FIGS. 2A to 2C are circuit diagrams of memory cells;

FIGS. 3A to 3D are circuit diagrams of memory cells;

FIG. 4 is a circuit diagram of a cell array;

FIG. 5 is a timing chart showing an operation of a memory
device;

FIG. 6 is a circuit diagram of a cell array;

FIG. 7 is a block diagram illustrating a structure of a
memory device;

FIG. 8 is a diagram illustrating a structure of a reading
circuit;

FIG. 9 is a block diagram illustrating a structure of a signal
processing circuit;

FIG. 10 is a diagram illustrating a structure of a buffer
memory device;

FIGS. 11A to 11D are views illustrating a method for
manufacturing a memory device;

FIGS. 12A to 12C are views illustrating the method for
manufacturing a memory device;
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FIGS. 13A to 13C are views illustrating the method for
manufacturing a memory device;

FIGS. 14A to 14C are views illustrating the method for
manufacturing a memory device;

FIG. 15 is a cross-sectional view of a memory device;

FIGS. 16 A to 16D are cross-sectional views of transistors;

FIGS. 17A to 17F are views of electronic devices;

FIGS. 18A and 18B illustrate a structure of an SRAM and
a structure of a DRAM, respectively;

FIG. 19 is a block diagram of a mobile phone;

FIG. 20 is a block diagram of a memory circuit;

FIG. 21 is a block diagram of a mobile electronic book
reader;

FIG. 22 is a cross-sectional view of a memory device; and

FIG. 23 is a cross-sectional view of a memory device.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, embodiments and an example of the present
invention will be described in detail with reference to the
accompanying drawings. However, the present invention is
not limited to the following description and it is easily under-
stood by those skilled in the art that the mode and details can
be variously changed without departing from the scope and
spirit of the present invention. Accordingly, the invention
should not be construed as being limited to the description of
the embodiments and example below.

A signal processing circuit of the present invention
includes in its category an integrated circuit such as a large
scale integrated circuit (LLSI) including a microprocessor, an
image processing circuit, a digital signal processor (DSP), or
a microcontroller.

(Embodiment 1)

A signal processing circuit according to one embodiment
of'the present invention includes at least a control unit, one or
a plurality of arithmetic units, and one or a plurality of buffer
memory devices. FIG. 1A illustrates one example of a signal
processing circuit 100 according to one embodiment of the
present invention. The signal processing circuit 100 illus-
trated in FIG. 1A includes a control unit 101, an arithmetic
unit 102, a buffer memory device 103, and a main memory
device 104.

The control unit 101 is a circuit which controls operations
of'the arithmetic unit 102, the buffer memory device 103, and
the main memory device 104 which are included in the signal
processing circuit 100. The arithmetic unit 102 is a logic
circuit which performs arithmetic operations such as logic
operations, four arithmetic operations, and the like. The
buffer memory device 103 has a function of temporary storing
data at the time of the arithmetic operations in the arithmetic
unit 102, and/or a function of temporary storing an instruction
which is carried out by the control unit 101.

The main memory device 104 can store the instruction
which is carried out by the control unit 101 and/or can store
data output from the arithmetic unit 102. Note thatin FIG. 1A,
a structure in which the main memory device 104 is provided
in the signal processing circuit 100 as a part thereof is illus-
trated, but the main memory device 104 may be provided
outside the signal processing circuit 100.

The buffer memory device 103 is provided between the
arithmetic unit 102 and the main memory device 104 or
between the control unit 101 and the main memory device
104, so that low-speed access to the main memory device 104
can be reduced and the speed of signal processing such as
arithmetic processing can be higher.

A plurality of memory cells is provided in the buffer
memory device 103, and each of the memory cells includes a
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memory element and a transistor whose off-state current or
leakage current is extremely low and which is used for con-
trolling the retention of charge in the memory element.

FIG. 1B is a circuit diagram illustrating a structure of a
memory cell included in the buffer memory device 103, as an
example. In the circuit diagram shown in FIG. 1B, a memory
cell 105 includes a memory element 106 and a transistor 107
which functions as a switching element. A semiconductor
element such as a capacitor or a transistor can be used for the
memory element 106. In the memory element 106, charge is
accumulated in a capacitor or a gate capacitance formed
between a gate electrode and an active layer of a transistor,
whereby data is stored.

The transistor 107 functioning as a switching element con-
trols supply of charge to the memory element 106, discharge
of'the charge from the memory element 106, and retention of
the charge in the memory element 106.

Note that the memory cell 105 may further include another
circuit element such as a transistor, a diode, a resistor, or an
inductor as needed.

In one embodiment of the present invention, a channel
formation region of the transistor 107 which functions as a
switching element includes a semiconductor material whose
band gap is wider than that of a silicon semiconductor and
whose intrinsic carrier density is lower than that of silicon.
When a semiconductor material having such characteristics is
included in the channel formation region, the transistor 107
with extremely low off-state current or extremely low leakage
current can be achieved.

The length of a data retention time depends on the amount
of leakage of charge accumulated in the memory element 106
via the transistor 107. Accordingly, the use of the transistor
107 having the above structure as a switching element for
retaining the charge accumulated in the memory element 106
makes it possible to prevent leakage of the charge from the
memory element 106 and to ensure a long data retention time.

Unless otherwise specified, in the case of an n-channel
transistor, an off-state current in this specification is a current
which flows between a source electrode and a drain electrode
when a potential of the drain electrode is higher than that of
the source electrode and that of a gate electrode while the
potential of the gate electrode is less than or equal to zero
when a reference potential is the potential of the source elec-
trode. Alternatively, in this specification, in the case of a
p-channel transistor, an off-state current is a current which
flows between a source electrode and a drain electrode when
a potential of the drain electrode is lower than that of the
source electrode or that of a gate electrode while the potential
of the gate electrode is greater than or equal to zero when a
reference potential is the potential of the source electrode.
Further, a leakage current is a current which flows between a
source electrode and a gate electrode or between a drain
electrode and the gate electrode, through an insulating film.

As one example of a semiconductor material whose band
gap is wider than that of a silicon semiconductor and whose
intrinsic carrier density is lower than that of silicon, a com-
pound semiconductor such as silicon carbide (SiC) or gallium
nitride (GaN), an oxide semiconductor formed of metal oxide
such as zinc oxide (ZnO), or the like can be used. Among the
above, an oxide semiconductor has an advantage of high mass
productivity because the oxide semiconductor can be formed
by a sputtering method, a wet process, or the like. Further,
unlike silicon carbide or gallium nitride, the oxide semicon-
ductor can be formed at room temperature, and thus the oxide
semiconductor can be formed on a glass substrate or on an
integrated circuit using a semiconductor element. Further, a
larger substrate can be used. Accordingly, among the semi-
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conductors with wide band gaps, the oxide semiconductor
particularly has an advantage of high mass productivity. Fur-
ther, in the case where an oxide semiconductor with high
crystallinity is to be obtained in order to improve the proper-
ties of a transistor (e.g., field-effect mobility), the oxide semi-
conductor with crystallinity can be easily obtained by heat
treatment at 250° C. to 800° C.

In the following description, an example in which an oxide
semiconductor with the above advantages is used as a semi-
conductor film of the transistor 107 is given.

Note that in FIG. 1B, the transistor 107 has a gate electrode
on one side of an active layer. When the transistor 107 has a
pair of gate electrodes between which the active layer is
provided, a signal for controlling switching is supplied to one
of'the gate electrodes, and the other of the gate electrodes may
be in a floating state (i.e., electrically insulated) or a potential
may be supplied to the other of the gate electrodes. In the
latter case, potentials with the same level may be applied to
the pair of electrodes, or a fixed potential such as a ground
potential may be applied only to the other of the gate elec-
trodes. By controlling the level of a potential applied to the
other of the gate electrodes, a threshold voltage of the tran-
sistor 107 can be controlled.

Although FIG. 1B illustrates the structure in which the
memory cell 105 includes one transistor 107 which functions
as a switching element, one embodiment of the present inven-
tion is not limited to this structure. In one embodiment of the
present invention, it is acceptable as long as one transistor
which functions as a switching element is provided in every
memory cell, and the number of such transistors may be two
or more. In the case where the memory cell 105 includes a
plurality of transistors which function as switching elements,
the plurality of transistors may be connected to each other in
parallel, in series, or in combination of parallel connection
and series connection.

Note that in this specification, the state in which the tran-
sistors are connected to each other in series means, for
example, the state in which only one of a first terminal and a
second terminal of a first transistor is connected to only one of
a first terminal and a second terminal of a second transistor.
Further, the state in which the transistors are connected to
each other in parallel means a state in which the first terminal
of the first transistor is connected to the first terminal of the
second transistor and the second terminal of the first transistor
is connected to the second terminal of the second transistor.

Next, an example of a cross-sectional view of the transistor
107 illustrated in FIG. 1B is illustrated in FIG. 1C.

The transistor 107 in FIG. 1C includes, over a substrate 110
having an insulating surface, a gate electrode 111; an insulat-
ing film 112 over the gate electrode 111; an oxide semicon-
ductor film 113 which functions as an active layer and over-
laps with the gate electrode 111 with the insulating film 112
provided therebetween; and a source electrode 114 and a
drain electrode 115 over the oxide semiconductor film 113. In
FIG. 1C, an insulating film 116 is formed over the oxide
semiconductor film 113, the source electrode 114, and the
drain electrode 115. The insulating film 116 may be included
as a component of the transistor 107.

Note that although FIG. 1C illustrate the case where the
transistor 107 has a single-gate structure, the transistor 107
may have a multi-gate structure in which a plurality of elec-
trically connected gate electrodes are included so that a plu-
rality of channel formation regions are included.

The buffer memory device 103 including the above-de-
scribed memory cells is capable of retaining data even when
the supply of a power supply voltage to the buffer memory
device 103 is stopped. Therefore, the supply of the power
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supply voltage to the whole signal processing circuit 100 can
be stopped to suppress power consumption. Alternatively, the
supply of the power supply voltage to the buffer memory
device 103 can be stopped to suppress power consumption.

In addition, as well as the supply of the power supply
voltage to the buffer memory device 103, the supply of the
power supply voltage to the control unit 101 or the arithmetic
unit 102 which exchanges data with the buffer memory device
103 may be stopped. For example, when the arithmetic unit
102 and the buffer memory device 103 are not operated, the
supply of the power supply voltage to the arithmetic unit 102
and the buffer memory device 103 may be stopped.

FIGS. 2A to 2C and FIGS. 3A to 3D illustrate specific
examples of structures of the memory cell 105.

Note that the term “connection” in this specification refers
to electrical connection and corresponds to the state in which
current, a potential, or voltage can be supplied or transmitted.
Accordingly, a connection state means not only a state of a
direct connection but also a state of indirect connection
through a circuit element such as a wiring, a resistor, a diode,
or a transistor so that current, a potential, or voltage can be
supplied or transmitted.

Inaddition, even when different components are connected
to each other in a circuit diagram, there is actually a case
where one conductive film has functions of a plurality of
components such as a case where part of a wiring serves as an
electrode. The term “connection” also means such a case
where one conductive film has functions of a plurality of
components.

The names of the “source electrode” and the “drain elec-
trode” included in the transistor interchange with each other
depending on the polarity of the transistor or the levels of
potentials applied to the respective electrodes. In general, in
an n-channel transistor, an electrode to which a lower poten-
tial is applied is called a source electrode, and an electrode to
which a higher potential is applied is called a drain electrode.
Further, in a p-channel transistor, an electrode to which a
lower potential is applied is called a drain electrode, and an
electrode to which a higher potential is applied is called a
source electrode. Hereinafter, one of a source electrode and a
drain electrode will be referred to as a first terminal, and the
other, a second terminal.

The memory cell 105 illustrated in FIG. 2A includes the
transistor 107 functioning as a switching element and a
capacitor 120 functioning as a memory element. A gate elec-
trode of the transistor 107 is connected to a word line WL. A
first terminal of the transistor 107 is connected to a data line
DL and a second terminal thereof is connected to one elec-
trode of the capacitor 120. The other electrode of the capacitor
120 is connected to a node to which a fixed potential such as
a ground potential is supplied.

Inthe memory cell 105 illustrated in FIG. 2A, the transistor
107 is turned on at the time of data writing, so that a potential
of'a signal including data is supplied from the data line DL to
the one electrode of the capacitor 120 via the transistor 107.
The amount of charge accumulated in the capacitor 120 is
controlled in accordance with the potential of the signal, so
that data is written to the capacitor 120.

Then, the transistor 107 is turned off when data is retained,
so that the charge is retained in the capacitor 120. As
described above, the transistor 107 has a characteristic of
extremely low off-state current or extremely low leakage
current. Therefore, the charge accumulated in the capacitor
120 is difficult to leak, and thus, the data can be retained for a
long period of time as compared to the case where a semi-
conductor material such as silicon is used for the transistor
107.
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At the time of data reading, the transistor 107 is turned on,
so that the charge accumulated in the capacitor 120 is taken
out via the data line DL. The difference in the amount of
charge is read, whereby data can be read.

The memory cell 105 illustrated in FIG. 2B includes the
transistor 107 functioning as a switching element, and a tran-
sistor 121 and a capacitor 122 which function as memory
elements. The gate electrode of the transistor 107 is con-
nected to a first word line WLa. The first terminal of the
transistor 107 is connected to a first data line DLa and the
second terminal thereof'is connected to a gate electrode of the
transistor 121. A first terminal of the transistor 121 is con-
nected to a second data line DLb, and a second terminal
thereof is connected to a node to which a predetermined
potential is applied. The capacitor 122 includes a pair of
electrodes, one of the electrodes is connected to the gate
electrode of the transistor 121, and the other thereof is con-
nected to a second word line WLb.

In the memory cell 105 illustrated in FIG. 2B, the transistor
107 is turned on at the time of data writing, so that a potential
of a signal including data is supplied from the first data line
DLa to the gate electrode of the transistor 121 via the transis-
tor 107. A gate capacitance of the transistor 121 and the
amount of charge accumulated in the capacitor 122 are con-
trolled in accordance with the potential of the signal, so that
data is written to the transistor 121 and the capacitor 122.

When data is retained, the transistor 107 is turned off, so
that the charge accumulated in the gate capacitance of the
transistor 121 and the capacitor 122 is retained. As described
above, the transistor 107 has a characteristic of extremely low
off-state current or extremely low leakage current. Therefore,
the accumulated charge is difficult to leak, and thus, the data
can be retained for a long period of time as compared to the
case where a semiconductor material such as silicon is used
for the transistor 107.

At the time of data reading, a potential of the second word
line WLb is changed. A potential difference between the pair
of electrodes included in the capacitor 122 is kept in accor-
dance with the principle of charge conservation, and thus, the
change in the potential of the second word line WLb is sup-
plied to the gate electrode of the transistor 121. A threshold
voltage of the transistor 121 is changed depending on the
amount of charge accumulated in the gate capacitance of the
transistor 121. Therefore, a difference in the amount of accu-
mulated charge is read from the amount of a drain current of
the transistor 121 which is obtained through the change in the
potential of the gate electrode of the transistor 121, so that
data can be read.

Note that an oxide semiconductor film may be used for an
active layer of the transistor 121 functioning as a memory
element. Alternatively, for the active layer of the transistor
121, instead of the semiconductor, any of the following semi-
conductors may be used: amorphous silicon, microcrystalline
silicon, polycrystalline silicon, single crystal silicon, amor-
phous germanium, microcrystalline germanium, polycrystal-
line germanium, single crystal germanium, or the like. The
use of oxide semiconductor films for active layers of all the
transistors in the memory cell 105 makes it possible to sim-
plify a manufacturing process. Further, for example, the
active layer of the transistor 121 functioning as a memory
element is formed using a semiconductor material such as
polycrystalline silicon or single crystal silicon which pro-
vides higher mobility than an oxide semiconductor, whereby
data can be read from the memory cell 105 at high speed.

The memory cell 105 illustrated in FIG. 2C is different
from the memory cell 105 illustrated in FIG. 2B in that one
data line DL has functions of the first data line DLa and the
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second data line DLb. Specifically, the memory cell 105 illus-
trated in FIG. 2C includes the transistor 107 functioning as a
switching element, and a transistor 123 and a capacitor 124
which function as memory elements. The gate electrode of
the transistor 107 is connected to the first word line WLa. The
first terminal of the transistor 107 is connected to the data line
DL and the second terminal thereof is connected to a gate
electrode of the transistor 123. The first terminal of a transis-
tor 123 is connected to the data line DL and a second terminal
thereof is connected to a node to which a predetermined
potential is applied. The capacitor 124 includes a pair of
electrodes, one of the electrodes is connected to a gate elec-
trode of the transistor 123, and the other thereof is connected
to the second word line WLb.

Operation such as writing, retention, and reading of data
can be performed in the memory cell 105 illustrated in FIG.
2C in a manner similar to that in the memory cell 105 illus-
trated in FIG. 2B.

In addition, an oxide semiconductor film may be used for
an active layer of the transistor 123 functioning as a memory
element. Alternatively, for the active layer of the transistor
123, instead of the oxide semiconductor, any of the following
semiconductors may be used: amorphous silicon, microcrys-
talline silicon, polycrystalline silicon, single crystal silicon,
amorphous germanium, microcrystalline germanium, poly-
crystalline germanium, single crystal germanium, or the like.
The use of oxide semiconductor films for active layers of all
the transistors in the memory cell 105 makes it possible to
simplify a manufacturing process. Further, for example, the
active layer of the transistor 123 functioning as a memory
element is formed using a semiconductor material such as
polycrystalline silicon or single crystal silicon which pro-
vides higher mobility than an oxide semiconductor, whereby
data can be read from the memory cell 105 at high speed.

The memory cell 105 illustrated in FIG. 3A includes the
transistor 107 functioning as a switching element and a tran-
sistor 125 functioning as a memory element. The transistor
125 includes a pair of gate electrodes between which an active
layer is provided. One of the pair of gate electrodes serves as
a first gate electrode and the other thereof serves as second
gate electrode.

The gate electrode of the transistor 107 is connected to the
first word line WLa. The first terminal of the transistor 107 is
connected to the first data line DLa and the second terminal
thereof is connected to the first gate electrode of the transistor
125. The second gate electrode of the transistor 125 is con-
nected to the second word line WLb. A first terminal of the
transistor 125 is connected to the second data line DLb, and a
second terminal thereof is connected to a node to which a
predetermined potential is applied.

Inthe memory cell 105 illustrated in FIG. 3A, the transistor
107 is turned on at the time of data writing, so that a potential
of a signal including data is supplied from the first data line
DLa to the first gate electrode of the transistor 125 via the
transistor 107. The amount of charge accumulated in a gate
capacitance of the transistor 125 is controlled in accordance
with the potential of the signal, so that data is written to the
transistor 125.

When data is retained, the transistor 107 is turned off, so
that the charge accumulated in the gate capacitance of the
transistor 125 is retained. As described above, the transistor
107 has a characteristic of extremely low off-state current or
extremely low leakage current. Therefore, the accumulated
charge is difficult to leak, and thus, the data can be retained for
a long period of time as compared to the case where a semi-
conductor material such as silicon is used for the transistor
107.



US 9,093,136 B2

11

Atthe time of data reading, the potential ofthe second word
line WLb is changed to change the potential of the second gate
electrode of the transistor 125. A threshold voltage of the
transistor 125 is changed depending on the amount of charge
accumulated in the gate capacitance of the transistor 125.
Therefore, a difference in the amount of accumulated charge
is read from the amount of a drain current of the transistor 125
which is obtained through the change in the potential of the
second gate electrode of the transistor 125, and as a result,
data can be read.

Note that, an oxide semiconductor film may be used for the
active layer of the transistor 125 functioning as a memory
element. Alternatively, for the active layer of the transistor
125, instead of the oxide semiconductor, any of the following
semiconductors may be used: amorphous silicon, microcrys-
talline silicon, polycrystalline silicon, single crystal silicon,
amorphous germanium, microcrystalline germanium, poly-
crystalline germanium, single crystal germanium, or the like.
The use of oxide semiconductor films for active layers of all
the transistors in the memory cell 105 makes it possible to
simplify a manufacturing process. Further, for example, the
active layer of the transistor 125 functioning as a memory
element is formed using a semiconductor material such as
polycrystalline silicon or single crystal silicon which pro-
vides higher mobility than an oxide semiconductor, whereby
data can be read from the memory cell 105 at high speed.

The memory cell 105 illustrated in FIG. 3B includes the
transistor 107 functioning as a switching element, a transistor
126 functioning as a memory element, and a transistor 127
functioning as a switching element for controlling data read-
ing. The gate electrode of the transistor 107 is connected to
the first word line WLa. The first terminal of the transistor 107
is connected to the first data line DLa and the second terminal
thereof is connected to a gate electrode of the transistor 126.
A first terminal of the transistor 126 is connected to a second
terminal of the transistor 127 and a second terminal of the
transistor 126 is connected to a node to which a predeter-
mined potential is applied. A first terminal of the transistor
127 is connected to the second data line DLb. A gate electrode
of the transistor 127 is connected to the second word line
WLb.

In the memory cell 105 illustrated in FIG. 3B, the transistor
107 is turned on at the time of data writing, so that a potential
of a signal including data is supplied from the first data line
DLa to the gate electrode of the transistor 126 via the transis-
tor 107. The amount of charge accumulated in a gate capaci-
tance of the transistor 126 is controlled in accordance with the
potential of the signal, so that data is written to the transistor
126.

When data is retained, the transistor 107 is turned off, so
that the charge accumulated in the gate capacitance of the
transistor 126 is retained. As described above, the transistor
107 has a characteristic of extremely low off-state current or
extremely low leakage current. Therefore, the accumulated
charge is difficult to leak, and thus, data can be held for a long
period of time as compared to the case where a semiconductor
material such as silicon is used.

Atthe time of data reading, the potential ofthe second word
line WLb is changed, so that the transistor 127 is turned on.
When the transistor 127 is turned on, a drain current having an
amount corresponding to the amount of charge accumulated
in its gate capacitance flows through the transistor 126. There-
fore, a difference in the amount of accumulated charge is read
from the amount of the drain current of the transistor 126, so
that data can be read.

Note that an oxide semiconductor film may be used for an
active layer of the transistor 126 or the transistor 127. Alter-
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natively, for the active layer of the transistor 126 or the tran-
sistor 127, instead of the oxide semiconductor, any of the
following semiconductors may be used: amorphous silicon,
microcrystalline silicon, polycrystalline silicon, single crys-
tal silicon, amorphous germanium, microcrystalline germa-
nium, polycrystalline germanium, single crystal germanium,
or the like. The use of oxide semiconductor films for active
layers of all the transistors in the memory cell 105 makes it
possible to simplify a manufacturing process. Further, for
example, the active layer of the transistor 126 or the transistor
127 is formed using a semiconductor material such as poly-
crystalline silicon or single crystal silicon which provides
higher mobility than an oxide semiconductor, so that data can
be read from the memory cell 105 at high speed.

The memory cell 105 illustrated in FIG. 3C is different
from the memory cell 105 illustrated in FIG. 3B in that one
word line WL has functions of the first word line WLa and the
second word line WLb. Specifically, the memory cell 105
illustrated in FIG. 3C includes the transistor 107 functioning
as a switching element, a transistor 128 functioning as a
memory element, and a transistor 129 functioning as a
switching element for controlling data reading. The transistor
129 has a different polarity from the transistor 128. The gate
electrode of the transistor 107 is connected to the word line
WL. The first terminal of the transistor 107 is connected to the
first data line DLa and the second terminal thereof is con-
nected to a gate electrode of the transistor 128. A first terminal
of the transistor 128 is connected to a second terminal of the
transistor 129 and a second terminal thereof is connected to a
node to which a predetermined potential is applied. A first
terminal of the transistor 129 is connected to the second data
line DLb. A gate electrode of the transistor 129 is connected
to the word line WL.

Operation such as writing, retention, and reading of data
can be performed in the memory cell 105 illustrated in FIG.
3C in a manner similar to that in the memory cell 105 illus-
trated in FIG. 3B.

Note that an oxide semiconductor film may be used for an
active layer of the transistor 128. Alternatively, for the active
layer of the transistor 128, instead of the oxide semiconduc-
tor, any of the following semiconductors may be used: amor-
phous silicon, microcrystalline silicon, polycrystalline sili-
con, single crystal silicon, amorphous germanium,
microcrystalline germanium, polycrystalline germanium,
single crystal germanium, or the like. Further, for example,
the active layer of the transistor 128 is formed using a semi-
conductor material such as polycrystalline silicon or single
crystal silicon which provides higher mobility than an oxide
semiconductor, so that data can be read from the memory cell
105 at high speed.

The memory cell 105 illustrated in FIG. 3D includes the
transistor 107 functioning as a switching element, a transistor
130 functioning as a memory element, and a diode 131 for
controlling data reading. The gate electrode of the transistor
107 is connected to the word line WL. The first terminal of the
transistor 107 is connected to the first data line DLa and the
second terminal thereof'is connected to a gate electrode of the
transistor 130. A first terminal of the transistor 130 is con-
nected to a cathode of the diode 131 and a second terminal
thereof is connected to a node to which a predetermined
potential is applied. An anode of the diode 131 is connected to
the second data line DLb.

Inthe memory cell 105 illustrated in FIG. 3D, the transistor
107 is turned on at the time of data writing, so that a potential
of a signal including data is supplied from the first data line
DLa to the gate electrode of the transistor 130 via the transis-
tor 107. The amount of charge accumulated in a gate capaci-
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tance of the transistor 130 is controlled in accordance with the
potential of the signal, so that data is written to the transistor
130. Note that at the time of data writing, the potential of the
second data line DLb is kept equal to or lower than the
predetermined potential.

Then, at the time of data retention, the transistor 107 is
turned off. The potential of the second data line DLb is also
kept equal to or lower than the predetermined potential at the
time of data retention. Thus, the charge accumulated in the
gate capacitance of the transistor 130 is retained. As described
above, the transistor 107 has a characteristic of an extremely
low off-state current or an extremely low leakage current.
Therefore, the accumulated charge is difficult to leak, and
thus, the data can be retained for a long period of time as
compared to the case where a semiconductor material such as
silicon is used for the transistor 107.

Atthe time of data reading, the potential of the second data
line DLb is set to higher than the predetermined potential. A
threshold voltage of the transistor 130 is changed depending
on the amount of charge accumulated in the gate capacitance
of the transistor 130. Therefore, a difference in the amount of
accumulated charge is read from the amount of a drain current
of the transistor 130 which is obtained through the change in
the potential of the gate electrode of the transistor 130, so that
data can be read.

Note that, an oxide semiconductor film may be used for an
active layer of the transistor 130 functioning as a memory
element. Alternatively, for the active layer of the transistor
130, instead of the oxide semiconductor, any of the following
semiconductors may be used: amorphous silicon, microcrys-
talline silicon, polycrystalline silicon, single crystal silicon,
amorphous germanium, microcrystalline germanium, poly-
crystalline germanium, single crystal germanium, or the like.
The use of oxide semiconductor films for active layers of all
the transistors in the memory cell 105 makes it possible to
simplify a manufacturing process. Further, for example, the
active layer of the transistor 130 functioning as a memory
element is formed using a semiconductor material such as
polycrystalline silicon or single crystal silicon which pro-
vides higher mobility than an oxide semiconductor, so that
data can be read from the memory cell 105 at high speed.

Then, examples of the structure of a memory device includ-
ing a plurality of memory cells and a method for driving the
memory device are described.

FIG. 4 is an example of a circuit diagram of a cell array 200
including the plurality of memory cells 105 one of which is
illustrated in FIG. 2C. Unlike FIG. 2C, FIG. 4 illustrates an
example of a circuit diagram in which the transistor 123 is a
p-channel transistor.

In the cell array 200 illustrated in FIG. 4, a variety of
wirings such as a plurality of first word lines WLa, a plurality
of data lines DL, a plurality of second word lines WLb, and a
plurality of source lines SL are provided, and a signal or a
potential from a driver circuit is supplied to each of the
memory cells 105 via the wirings. The source line SL is
connected to a second terminal of the transistor 123.

Note that the number of the wirings can be determined by
the number of the memory cells 105 and arrangement of the
memory cells 105. Specifically, in the case of the cell array
200 illustrated in FIG. 4, the memory cells 105 are arranged in
a matrix of y rows by x columns, and first word lines WLal to
WLay, second word lines WLb1 to WLby, source lines SL.1 to
SLy, and data lines DLL1 to DLx are provided in the cell array
200.

Next, the operation of the cell array 200 illustrated in FIG.
4 is described with reference to a timing chart in FIG. 5. Note
that FIG. 5 illustrates the case where writing, retention, and
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reading of data are performed on the memory cell 105 in a first
row and a first column, the memory cell 105 in the first row
and an x-th column, the memory cell 105 in a y-th row and the
first column, and the memory cell 105 in the y-th row and the
x-th column. FIG. 5 illustrates the case where the transistor
123 is a p-channel transistor.

Note that the shaded areas in the timing chart in FIG. 5
indicate periods during which a potential may be either a
high-level potential or a low-level potential.

First, the operation of the cell array 200 in a data writing
period Ta is described.

Data is written row by row. In FIG. 5, data is written to the
memory cell in the first row and the first column and the
memory cell in the first row and the x-th column, and then,
data is written to the memory cell in the y-th row and the first
column and the memory cell in the y-th row and the x-th
column.

First, the first word line WLal and the second word line
WLDb1 in the memory cells 105 in the first row to which data
is written are selected. Specifically, in FIG. 5, the high-level
potential VH is applied to the first word line WLal, and the
ground potential GND is applied to the first word lines WLa2
to WLay. Thus, only the transistors 107 whose gate electrodes
are connected to the first word line WLal are selectively
turned on. Further, the ground potential GND is applied to the
second word line WLb1, and the high-level potential VDD is
applied to the other second word lines WLb2 to WLby.

In a period during which the first word line WLal and the
second word line WLb1 are selected, potentials of signals
including data are applied to the data lines DL.1 and DLx.
Needless to say, the levels of the potentials supplied to the
data lines DL1 and DLx are varied depending on the content
of the data. FIG. 5 illustrates the case where the high-level
potential VDD is applied to the data line DL1 and the ground
potential GND is applied to the data line DLx. The potentials
applied to the data lines DL.1 and DLx are applied to one
electrode of the capacitor 124 and the gate electrode of the
transistor 123 via the transistors 107 that are on. When a node
where the one electrode of the capacitor 124 and the gate
electrode of the transistor 123 are connected to each other is
referred to as anode FG, the amount of charge accumulated in
the node FG is controlled in accordance with the potentials of
the signals, so that data is written to the memory cell 105 in
the first row and the first column and the memory cell 105 in
the first row and the x-th column.

Then, the ground potential GND is applied to the first word
line WLal, and the transistors 107 whose gate electrodes are
connected to the first word line WLal are turned off.

Then, the first word line WLay and the second word line
WLby in the memory cells 105 in the y-th row to which data
is written are selected. Specifically, in FIG. 5, the high-level
potential VH is applied to the first word line WLay, and the
ground potential GND is applied to the first word lines WLal
to WLa(y-1). Thus, only the transistors 107 whose gate elec-
trodes are connected to the first word line WLay are selec-
tively turned on. The ground potential GND is applied to the
second line WLby, and the high-level potential VDD is
applied to the second word lines WLb1 to WLb(y-1).

In a period during which the first word line WLay and the
second line WLby are selected, potentials of signals including
data are applied to the data lines DL1 and DLx. FIG. 5
illustrates the case where the ground potential GND is applied
to the data line DL1 and the high-level potential VDD is
applied to the data line DLx. The potentials applied to the data
lines DL.1 and DLx are applied to one electrode of the capaci-
tor 124 and the gate electrode of the transistor 123 via the
transistors 107 that are on. The amount of charge accumulated
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in the node FG is controlled in accordance with the potentials
of'the signals, so that data is written to the memory cell 105 in
the y-th row and the first column and the memory cell 105 in
the y-th row and the x-th column.

Note that in the writing period Ta, the ground potential
GND is applied to all the source lines SL. With the above
structure, in the case where the ground potential GND is
applied to the node FG, generation of current in the data line
DL and the source line SL can be suppressed.

In order to prevent writing of erroneous data to the memory
cell 105, it is preferable to terminate a period during which the
potential of the signal including data is input to the data line
DL after a selection period of the first word line WLa and the
second word line WLD is terminated.

Then, the operation of the cell array 200 in a data retention
period Ts is described.

In the retention period Ts, a potential at which the transistor
107 is turned off, specifically, the ground potential GND is
applied to all the first word lines WLa. In one embodiment of
the present invention, the transistor 107 has extremely low
off-state current as described above. When the off-state cur-
rent of the transistor 107 is low, the charge accumulated in the
node FG is less likely to leak; thus, data can be retained for a
long time.

Then, the operation of the cell array 200 in a data reading
period Tr is described.

First, the second word line WLb1 in the memory cells 105
in the first row on which reading is performed is selected.
Specifically, in FIG. 5, the ground potential GND is applied to
the second word line WLb1, and the high-level potential VDD
is applied to the second word lines WLb2 to WLby. In the
reading period T, all the first word lines WLa are not selected
by application of the ground potential GND. In a period
during which the second word line WLb1 is selected, a high-
level potential VR is applied to all the source lines SL. Note
that the potential VR is equal to the potential VDD, or lower
than the potential VDD and higher than the ground potential
GND.

Resistance between the source electrode and the drain elec-
trode of the transistor 123 depends on the amount of charge
accumulated in the node FG. Thus, a potential based on the
amount of charge accumulated in the node FG is applied to
the data lines DL1 and DLx. Then, by reading a difference in
the amount of charge from the potential, data can be read from
the memory cell 105 in the first row and the first column and
the memory cell 105 in the first row and the x-th column.

Then, the second word line WLby in the memory cells 105
in the y-th row from which data is read is selected. Specifi-
cally, in FIG. 5, the ground potential GND is applied to the
second word line WLby, and the high-level potential VDD is
applied to the second word lines WLb1 to WLb(y-1). As
described above, in the reading period Tr, all the first word
lines WLa are not selected by application of the ground poten-
tial GND. In a period during which the second word line
WLby is selected, the high-level potential VR is applied to all
the source lines SL.

Resistance between the source electrode and the drain elec-
trode of the transistor 123 depends on the amount of charge
accumulated in the node FG. Thus, a potential based on the
amount of charge accumulated in the node FG is applied to
the data lines DL1 and DLx. Then, by reading a difference in
the amount of charge from the potential, data can be read from
the memory cell 105 in the y-th row and the first column and
the memory cell 105 in the y-th row and the x-th column.

Note that a reading circuit is connected to an end of each
data line DL, and a signal output from the reading circuit
includes data which is actually read from the cell array 200.
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Then, different examples of the structure of a memory
device including a plurality of memory cells and a method for
driving the memory device are described.

FIG. 6 is an example of a circuit diagram of a cell array 300
including the plurality of memory cells 105 one of which is
illustrated in FIG. 2A.

In the cell array 300 illustrated in FIG. 6, a variety of
wirings such as a plurality of word lines WL, a plurality of
datalines DL, and a plurality of source lines SL are provided,
and a signal or a potential from a driver circuit is supplied to
each memory cell 105 via the wirings. The source line SL is
connected to the other electrode of the capacitor 120 and
supplied with the ground potential.

Note that the number of the wirings can be determined by
the number of the memory cells 105 and arrangement of the
memory cells 105. Specifically, in the cell array 300 illus-
trated in FIG. 6, memory cells are arranged in a matrix of'y
rows by x columns, and the word lines WL1 to WLy, the data
lines DL1 to DLx, the source lines S.1 to SLy are provided in
the cell array 300.

Next, the operation of the cell array 300 illustrated in FIG.
6 is described.

First, the operation of the cell array 300 in a data writing
period is described. In the writing period, when a signal with
a pulse is input to the word line WL1, the potential of the
pulse, specifically, a high-level potential, is applied to gate
electrodes of the transistors 107 connected to the word line
WL1. Thus, all the transistors 107 whose gate electrodes are
connected to the word line WL1 are turned on.

Then, signals including data are input to the data lines DLL1
to DLx. Needless to say, the levels of the potentials of the
signals input to the data lines DL.1 to DLx are varied depend-
ing on the content of data. The potentials input to the data
lines DL1 to DLx are each applied, via the transistor 107
which is on, to one of electrodes of the capacitor 120. The
amount of accumulated in the capacitor 120 is controlled in
accordance with the potential of the signal, so that data is
written into the capacitor 120.

When the input of the signal with the pulse to the writing
word line WL1 is finished, all the transistors 107 whose gate
electrodes are connected to the writing word line WL1 are
turned off. The signal with pulse is input to the word lines
WL2 to WLy in sequence, and the above operation is repeated
in the memory cells 105 including the word lines WL2 to
WLy.

Then, the operation of the cell array 300 in a data retention
period is described. In the retention period, potentials with
levels at which the transistor 107 is turned off, specifically,
low-level potentials, are applied to all of the word lines WL.1
to WLy. In one embodiment of the present invention, the
off-state current of the transistor 107 is extremely low as
described above. When the off-state current of the transistor
107 is low, the charge accumulated in the capacitor 120 is less
likely to leak; thus, data can be retained for a long time.

Then, the operation of the cell array 300 in a data reading
period is described. In the data reading period, a signal with
pulse is sequentially input to the word lines WL1 to WLy in a
manner similar to that in the data writing period. When the
potential of the pulse, specifically, a high-level potential, is
applied to the gate electrodes of the transistors 107 which are
connected to the word line WL1, the transistors 107 con-
nected to the word line WL1 are turned on.

When the transistors 107 are turned on, charge accumu-
lated in the capacitors 120 is taken out via the data lines DL.
By reading a difference in the amount of charge from the
potential of the data line DL, data can be read.
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Note that a reading circuit is connected to an end of each
data line DL, and a signal output from the reading circuit
includes data which is actually read from the memory portion.

Although in this embodiment, a driving method in which
writing, retention, and reading of data are sequentially per-
formed in the plurality of memory cells 105 is described, the
present invention is not limited to this structure. Only a
memory cell 105 with the specified address may perform the
above operation.

Note that the memory device included in the signal pro-
cessing circuit according to one embodiment of the present
invention is not limited to the structures of the memory cell
105 illustrated in FIG. 4 and FIG. 6.

Note that in the memory device included in the signal
processing circuit according to one embodiment of the
present invention, different data can be written so that data
which has been written is overwritten. Thus, unlike a conven-
tional flash memory, erasing of data which has been written is
not needed at the time of rewriting data, which is one of
advantages.

In the case of a general flash memory, a floating gate in
which electrical charge is accumulated is covered with an
insulating film and in an insulating state. Accordingly, a high
voltage of approximately 20 V needs to be applied to a
memory element in order that electric charge may be accu-
mulated in the floating gate by the use of a tunnel effect.
Further, it takes long time to perform data writing. However,
in the memory device included in the signal processing circuit
according to one embodiment of the present invention, data
can be written and read by a transistor including a highly-
purified oxide semiconductor film as an active layer. Accord-
ingly, a voltage of several volts needed for operation of the
memory device, so that power consumption can be remark-
ably reduced. Further, data writing can be performed at higher
speed than that in the case of a flash memory.

Further, in a signal processing circuit including a general
flash memory, since voltage needed for operation (operating
voltage) of the flash memory is high, voltage applied to the
flash memory is usually raised with the use of a step-up circuit
or the like. However, since the operation voltage of the
memory device can be lowered in the signal processing cir-
cuit according to one embodiment of the present invention, it
is possible to reduce power consumption. Accordingly, a load
of an external circuit used for operation of the memory
device, such as a step-up dc-dc converter, in the signal pro-
cessing circuit can be decreased, so that the functions of the
external circuit are expanded, and the higher performance of
the signal processing circuit can be realized. Further, the
operation voltage of the memory device can be lowered, so
that redundant circuit design which is needed to cover a
failure caused by high operation voltage is unnecessary;
therefore, the integration degree of an integrated circuit used
for the signal processing circuit can be increased, and a
higher-performance signal processing circuit can be formed.

Further, in this embodiment, although the driving method
when binary digital data is used is described, the memory
device included in the signal processing circuit according to
one embodiment of the present invention can also use multi-
valued data that has three or more values. Note that in the case
of multi-valued data that has three or more values, a differ-
ence between the amounts of charge becomes smaller as the
number of values is increased to four, five, and six, for
example. Thus, if a slight amount of off-state current exists, it
is difficult to maintain the accuracy of data, and a retention
period tends to be shorter. However, in the memory device
included in the signal processing circuit according to one
embodiment of the present invention, since the transistor
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whose off-state current is considerably reduced is used as a
switching element, shortening of a retention period due to
value multiplexing can be suppressed.

(Embodiment 2)

An example of a specific structure of a driver circuit in a
memory device will be described.

FIG. 7 is, as an example, a block diagram of a specific
structure of a memory device. Note that in the block diagram
in FIG. 7, circuits in the memory device are classified in
accordance with their functions and separated blocks are
illustrated. However, it is difficult to classify actual circuits
according to their functions completely and it is possible for
one circuit to have a plurality of functions.

A memory device 800 illustrated in FIG. 7 includes a cell
array 801 and a driver circuit 802. The driver circuit 802
includes a reading circuit 803 which generates a signal
including data read from the cell array 801, a word line driver
circuit 804 which controls the potential of a first word line or
a second word line, and a data line driver circuit 805 which
controls data writing in a memory cell selected in the cell
array 801. The driver circuit 802 further includes a control
circuit 806 which controls the operations of the reading cir-
cuit 803, the word line driver circuit 804, and the data line
driver circuit 805.

In the memory device 800 illustrated in FIG. 7, the word
line driver circuit 804 includes a decoder 807, a level shifter
808, and a buffer 809. The data line driver circuit 805 includes
a decoder 810, a level shifter 811, and a selector 812.

Note that the cell array 801, the reading circuit 803, the
word line driver circuit 804, the data line driver circuit 805,
and the control circuit 806 may be formed using one sub-
strate; any one of them may be formed using a substrate
different from a substrate for the others; or all of them may be
formed using different substrates.

In the case where different substrates are used, electrical
connection between the above circuits can be ensured with
the use of an FPC (flexible printed circuit) or the like. In that
case, part of the driver circuit 802 may be connected to an FPC
by a COF (chip on film) method. Further, electrical connec-
tion can be ensured by a COG (chip on glass) method.

When a signal AD including an address (Ax, Ay) of the cell
array 801 as data is input to the memory device 800, the
control circuit 806 transmits Ax which is data related to a
column direction in the address and Ay which is data related
to a row direction in the address to the data line driver circuit
805 and the word line driver circuit 804, respectively. In
addition, the control circuit 806 transmits a signal DATA
including data input to the memory device 800 to the data line
driver circuit 805.

Operation of writing data and operation of reading data in
the cell array 801 are selected in accordance with a signal RE
(read enable), a signal WE (write enable), or the like supplied
to the control circuit 806. Further, in the case where the
plurality of cell arrays 801 are provided, a signal CE (chip
enable) for selecting the cell array 801 may be input to the
control circuit 806. In that case, operation selected in accor-
dance with the signal RE or the signal WE is performed in the
cell array 801 selected in accordance with the signal CE.

Inthe cell array 801, when the writing operation is selected
in accordance with the signal WE, a signal for selecting a
memory cell corresponding to the address Ay is generated in
the decoder 807 included in the word line driver circuit 804 in
response to an instruction from the control circuit 806. The
amplitude of the signal is adjusted by the level shifter 808, and
then the waveform of the signal is processed in the buffer 809
and the processed signal is input to the cell array 801. In the
data line driver circuit 805, a signal for selecting a memory
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cell corresponding to the address Ax among the memory cells
selected in the decoder 810 is generated in response to an
instruction from the control circuit 806. The amplitude of the
signal is adjusted by the level shifter 811, and then the pro-
cessed signal is input to the selector 812. In the selector 812,
the signal DATA is sampled in accordance with the input
signal, and the sampled signal is input to a memory cell
corresponding to the address (Ax, Ay).

In the cell array 801, when the reading operation is selected
in accordance with the signal RE, a signal for selecting a
memory cell corresponding to the address Ay is generated in
the decoder 807 included in the word line driver circuit 804 in
response to an instruction from the control circuit 806. The
amplitude of the signal is adjusted by the level shifter 808, and
then the waveform of the signal is processed in the buffer 809
and the processed signal is input to the cell array 801. In the
reading circuit 803, a signal for selecting a memory cell
corresponding to the address Ax among the memory cells
selected in the decoder 807 is generated in response to an
instruction from the control circuit 806. Data stored in the
memory cell corresponding to the address (Ax, Ay) is read,
and a signal including the data is generated.

This embodiment can be implemented by being combined
as appropriate with any of the above embodiments.
(Embodiment 3)

In this embodiment, an example of a specific structure of a
reading circuit will be described.

The levels of potentials read from the cell array are deter-
mined in accordance with data written to the memory cells.
Accordingly, in an ideal view, potentials having the same
level should be read from the plurality of memory cells when
data with the same digital value is stored in the plurality of
memory cells. However, practically, the characteristics of
transistors functioning as memory elements or transistors
functioning as switching elements at the time of reading data
might be varied among the memory cells. In that case, the
potentials which are actually read are varied even if all of data
to be read has the same digital value, so that the levels of the
potentials can be widely distributed. Thus, it is preferable to
provide, in the driver circuit, a reading circuit in which a
signal including more accurate data and having an amplitude
and a waveform processed in accordance with a desired speci-
fication can be generated even when potentials read from the
cell array are slightly varied.

FIG. 8 illustrates an example of a circuit diagram of a
reading circuit. The reading circuit illustrated in FIG. 8
includes transistors 260 serving as switching elements for
controlling the input of potentials Vdata read from a cell array
to the reading circuit, and transistors 261 serving as resistors.
In addition, the reading circuit in FIG. 8 includes operational
amplifiers 262.

Specifically, gate electrodes of the transistors 261 are con-
nected to respective drain electrodes (or drain regions) of the
transistors 261. In addition, a high-level power supply poten-
tial Vdd is applied to the gate electrodes and the drain elec-
trodes. Further, source electrodes of the transistors 261 are
connected to respective non-inverting input terminals (+) of
the operational amplifiers 262. Accordingly, the transistors
261 function as resistors connected between nodes to which
the power supply potential Vdd is applied and the non-invert-
ing input terminals (+) of the operational amplifiers 262. Note
that although in FIG. 8, a transistor whose gate electrode is
connected to the drain electrode is used as a resistor, an
embodiment of the present invention is not limited to this.
Alternatively, an element functioning as a resistor can be
used.
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The transistor 260 functioning as a switching element con-
trols the supply of a potential Vdata to a source electrode of
the transistor 260 in accordance with a potential of a signal
Sig applied to a gate electrode of the transistor 260.

For example, when the transistor 260 is turned on, a poten-
tial obtained by resistive division of the potential Vdata and
the power supply potential Vdd with the use of the transistor
260 and the transistor 261 is applied to the non-inversion
input terminal (+) of the operational amplifier 262. The level
of the power supply potential Vdd is fixed; thus, the level of
the potential obtained by the resistor division reflects the level
of'the potential Vdata, i.e., a digital value of read data.

In contrast, a reference potential Vrefis applied to inverting
input terminals (-) of the operational amplifiers 262. The
levels of the potentials Vout of output terminals can be varied
depending on the level of the potential applied to the non-
inversion input terminal (+) with respect to the reference
potential Vref. Thus, a signal which indirectly includes data
can be obtained.

Note that even if data with the same value is stored in
memory cells, fluctuation in levels of the read potential Vdata
occurs due to variation in characteristics of the memory cells,
sothatthe levels of potentials can be widely distributed some-
times. The level of the reference potential Vref is determined
in consideration of fluctuation in the potential Vdata of node
in order to read the value of data accurately.

Since FIG. 8 illustrates an example of a reading circuit in
the case of using a binary digital value, one operational ampli-
fier used for reading data is used for each node to which the
potential Vdata is applied. However, the number of opera-
tional amplifiers is not limited to this. When n-valued data (n
is a natural number of 2 or more) is used, the number of
operational amplifiers used for each node to which the poten-
tial Vdata is applied is (n-1).

This embodiment can be implemented by being combined
as appropriate with any of the above embodiments.
(Embodiment 4)

In this embodiment, a specific embodiment of a signal
processing circuit according to the present invention will be
described. An example of a structure of the signal processing
circuit is illustrated as a block diagram in FIG. 9.

A signal processing circuit 600 includes a control unit 601,
an arithmetic logic unit (ALU) 602 corresponding to an arith-
metic unit, a data cache 603, an instruction cache 604, a
program counter 605, an instruction register 606, a main
memory device 607, and a register file 608.

The control unit 601 has a function of decoding and carry-
ing out an input instruction. The ALU 602 has a function of
performing a variety of arithmetic operations such as four
arithmetic operations and logic operations. The data cache
603 is a buffer memory device which temporary stores fre-
quently-used data. The instruction cache 604 is a buffer
memory device which temporary stores frequently-used
instructions of instructions (programs) sent to the control unit
601. The program counter 605 is a register which stores an
address of an instruction to be carried out next. The instruc-
tion register 606 is a register which stores an instruction to be
carried out next. Data used for the arithmetic operations in the
ALU 602 and an instruction which is carried out in the control
unit 601 are stored in the main memory device 607. The
register file 608 includes a plurality of registers including a
general purpose register and can store data which is read out
from the main memory device 607, data which is obtained
during the arithmetic operations in the ALU 602, data which
is obtained as a result of the arithmetic operations in the ALU
602, and the like.
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Next, the operation of the signal processing circuit 600 is
described.

The controlunit 601 reads an instruction from an address of
the instruction cache 604 corresponding to the address of the
instruction to be carried out next which is stored in the pro-
gram counter 605, and makes the instruction register 606
store the instruction. When the instruction is not stored in the
corresponding address of the instruction cache 604, the con-
trol unit 601 gets access to a corresponding address of the
main memory device 607, reads the instruction from the main
memory device 607, and makes the instruction register 606
store the instruction. In this case, the instruction is also stored
in the instruction cache 604.

The control unit 601 decodes the instruction stored in the
instruction register 606 and carries out the instruction. Spe-
cifically, the control unit 601 generates various signals for
controlling the operation of the ALU 602 in accordance with
the instruction.

When the instruction which is to be carried out is an arith-
metic instruction, the control unit 601 makes the ALU 602
perform arithmetic operations using the data stored in the
register file 608, and stores a result of the arithmetic opera-
tions in the register file 608.

When the instruction which is to be carried out is a loading
instruction, the control unit 601, first, gets access to a corre-
sponding address of the data cache 603, and checks whether
ornot a corresponding data exists in the data cache 603. When
the data exists in the data cache 603, the corresponding data is
copied from the corresponding address of the data cache 603
to the register file 608. When the data does not exist in the data
cache 603, the data is copied from a corresponding address of
the main memory device 607 to the corresponding address of
the data cache 603, and then the data is copied from the
corresponding address of the data cache 603 to the register file
608.

When the instruction which is to be carried out is a store
instruction, the control unit 601 stores data of the register file
608 in a corresponding address of the data cache 603. In this
case, the control unit 601, first, gets access to the correspond-
ing address of the data cache 603 and checks whether or not
the corresponding data can be stored in the data cache 603.
When the data can be stored in the data cache 603, the data is
copied from the register file 608 to the corresponding address
of the data cache 603. When the data cannot be stored, a new
corresponding address is assigned in part of the data cache
603, and the data is copied from the register file 608 to the
corresponding address of the data cache 603. Note that the
data may be copied to the main memory device 607 immedi-
ately after the data is copied to the data cache 603. Alterna-
tively, some pieces of data may be copied to the data cache
603 and then the pieces of data may be collectively copied to
the main memory device 607.

Then, after the control unit 601 carries out the instruction,
the control unit 601 gets access to the program counter 605
again, and repeats the above operation in which an instruction
read out from the instruction register 606 is decoded and
carried out.

In one embodiment of the present invention, the memory
device described in the above embodiment is applied to the
data cache 603 and the instruction cache 604, whereby era-
sure of data can be prevented even when power supply is
stopped. Accordingly, power supply can be stopped even for
a short time in the whole of the signal processing circuit 600,
or in the logic circuit such as the control unit 601 or the ALU
602 included in the signal processing circuit 600. Therefore,
power consumption of the signal processing circuit 600 can
be reduced.
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This embodiment can be implemented by being combined
as appropriate with any of the above embodiments.
(Embodiment 5)

A buffer memory device includes a plurality of cache lines
each storing a predetermined amount of information. Each of
the cache lines includes a memory region referred to as a data
field, a memory region referred to as a tag, and a memory
region referred to as a valid bit.

Cache data that is data sent from a main memory device or
an arithmetic unit is stored in the data field. Address data that
is data of an address corresponding to the cache data is stored
in the tag. Valid data that is data indicating whether or not the
cache data stored in the data field is valid is stored in the valid
bit.

FIG. 10 illustrates an example of a structure of the buffer
memory device. The buffer memory device illustrated in FI1G.
10 includes n cache lines, that is, cache lines 0 to n-1. Each of
the cache lines includes the tag, the valid bit, and the data
field.

For example, in the case where supply of a power supply
voltage to a signal processing circuit is stopped for a long
time, when the buffer memory device includes a volatile
memory, data stored in the cache line has an undefined value.
Therefore, after the supply of the power supply voltage to the
signal processing circuit starts, the valid bits of all of the
cache lines need to be invalidated. However, during process-
ing for invalidating the valid bits, a control unit and the
arithmetic unit need to be in a standby state. Therefore, after
the supply of the power supply voltage starts, it takes time
until the signal processing circuit actually starts to process a
signal.

In the signal processing circuit according to one embodi-
ment of the present invention, data writing can be performed
concurrently in all memory cells in the memory device. In
other words, it is not necessary to write data of the valid bit in
every cache line, and data of the valid bits included in all the
cache lines can be written concurrently. Specifically, with the
structure in which potentials of all word lines WL or poten-
tials of all first word lines WLa of the memory cells can be
controlled concurrently, transistors functioning as switching
elements are turned on concurrently, and data of a digital
value indicating invalidation is written to all the memory
cells. Further, when the transistor functioning as a switching
element includes a pair of gate electrodes between which an
active layer is provided, and one gate electrode is connected
to the word line WL or the first word line WLa, the data of the
digital value indicating invalidation may be written in all the
memory cells concurrently by controlling a potential of the
other gate electrode.

Accordingly, the time needed for invalidating the valid bits
can be shortened in the signal processing circuit according to
one embodiment of the present invention as compared to a
general processing circuit including a memory device in
which data needs to be written in every cache line. Therefore,
the starting time after the supply of the power supply voltage
starts until the signal processing circuit actually starts to
process the signal can be shortened.

In particular, when the number of the cache lines becomes
larger as the capacity of a buffer memory device is increased,
the signal processing circuit according to one embodiment of
the invention makes it possible to considerably shorten the
starting time as compared to a general signal processing cir-
cuit.

For example, an instruction which invalidates all the valid
bits in the buffer memory device is prepared in an instruction
set of the signal processing circuit. The instruction is stored in
an address in the main memory device, to which the control
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unit gets access first. Further, the buffer memory device is put
in a standby state just after the supply of the power supply
voltage starts and starts its operation after the invalidation of
the valid bits is completed. Specifically, a register indicating
the state of the buffer memory device is prepared, and just
after the supply of the power supply voltage to the signal
processing circuit starts, the register has data indicating the
standby state of the buffer memory device.

Since the buffer memory device is in the standby state after
the supply of the power supply voltage to the signal process-
ing circuit starts, the control unit gets access to the main
memory device. The control unit reads the instruction which
invalidates all the valid bits from the main memory device.
The control unit decodes the read instruction and carriers it
out.

This embodiment can be implemented by being combined
as appropriate with any of the above embodiments.
(Embodiment 6)

In this embodiment, a method for manufacturing a memory
device will be described by giving an example in which an
oxide semiconductor is used for an active layer of a transistor
107 and silicon is used for an active layer of a transistor 123
in a memory cell 105 illustrated in FIG. 2C.

Besides silicon, a semiconductor material such as germa-
nium, silicon germanium, or single crystal silicon carbide
may be used for the transistor 123. For example, the transistor
123 including silicon can be formed using a single crystal
semiconductor substrate such as a silicon wafer, a silicon thin
film which is formed by an SOI method, a silicon thin film
which is formed by a vapor deposition method, or the like.
Alternatively, in one embodiment of the present invention, all
the transistors included in the memory cells may include an
oxide semiconductor.

In this embodiment, first, as illustrated in FIG. 11A, an
insulating film 701 and a semiconductor film 702 that is
separated from a single crystal semiconductor substrate are
formed over a substrate 700.

Although there is no particular limitation on a material
which can be used as the substrate 700, it is necessary that the
material have at least heat resistance high enough to with-
stand heat treatment to be performed later. For example, a
glass substrate formed by a fusion process or a float process,
a quartz substrate, a semiconductor substrate, a ceramic sub-
strate, or the like can be used as the substrate 700. In the case
where the temperature of the heat treatment to be performed
later is high, a glass substrate whose strain point is greater
than or equal to 730° C. is preferably used as the glass sub-
strate.

In this embodiment, an example in which the semiconduc-
tor film 702 is formed using single crystal silicon is given as
a method for forming the transistor 123. Note that a specific
example of a method for forming the single crystal semicon-
ductor film 702 is briefly described. First, an ion beam includ-
ing ions which are accelerated by an electric field enters a
bond substrate which is the single crystal semiconductor sub-
strate and an embrittlement layer which is fragile because of
local disorder of the crystal structure is formed in a region at
a certain depth from a surface of the bond substrate. The depth
at which the embrittlement layer is formed can be adjusted by
the acceleration energy of the ion beam and the angle at which
the ion beam enters. Then, the bond substrate and the sub-
strate 700 which is provided with the insulating film 701 are
attached to each other so that the insulating film 701 is pro-
vided therebetween. After the bond substrate and the sub-
strate 700 overlap with each other, a pressure of approxi-
mately 1 N/em® to 500 N/em?, preferably 11 N/em? to 20
N/cm? is applied to part of the bond substrate and part of the
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substrate 700 so that the substrates are attached to each other.
When the pressure is applied, bonding between the bond
substrate and the insulating film 701 starts from the parts,
which results in bonding of the entire surface where the bond
substrate and the insulating film 701 are in close contact with
each other. Subsequently, heat treatment is performed,
whereby microvoids that exist in the embrittlement layer are
expanded and the microvoids are combined with each other,
so thata void with large volume can be obtained. Accordingly,
a single crystal semiconductor film which is part of the bond
substrate is separated from the bond substrate along the
embrittlement layer. The heat treatment is performed at a
temperature not exceeding the strain point of the substrate
700. Then, the single crystal semiconductor film is processed
into a desired shape by etching or the like, so that the semi-
conductor film 702 can be formed.

In order to control the threshold voltage, an impurity ele-
ment imparting p-type conductivity, such as boron, alumi-
num, or gallium, or an impurity element imparting n-type
conductivity, such as phosphorus or arsenic, may be added to
the semiconductor film 702. An impurity element for control-
ling the threshold voltage may be added to the semiconductor
film which is not patterned or may be added to the patterned
semiconductor film 702. Alternatively, the impurity element
for controlling the threshold voltage may be added to the bond
substrate. Alternatively, the impurity element may be added
to the bond substrate in order to roughly control the threshold
voltage, and the impurity element may be further added to the
semiconductor film which is not patterned or the patterned
semiconductor film 702 in order to finely control the thresh-
old voltage.

Note that although an example in which a single crystal
semiconductor film is used is described in this embodiment,
the present invention is not limited to this structure. For
example, a polycrystalline, microcrystalline, or amorphous
semiconductor film which is formed over the insulating film
701 by avapor deposition method may be used. Alternatively,
the semiconductor film may be crystallized by a known tech-
nique. As the known technique of crystallization, a laser
crystallization method using a laser beam and a crystalliza-
tion method using a catalytic element are given. Alternatively,
a crystallization method using a catalytic element and a laser
crystallization method may be combined. When a heat-resis-
tant substrate such as a quartz substrate is used, a crystalliza-
tion method combined with a thermal crystallization method
using an electrically heated oven, a lamp annealing crystalli-
zation method using infrared light, a crystallization method
using a catalytic element, or a high-temperature annealing
method at approximately 950° C., may be used.

Next, as illustrated in FIG. 11B, a gate insulating film 703
is formed over the semiconductor film 702. Then, a mask 705
is formed over the gate insulating film 703 and an impurity
element imparting conductivity is added to part of the semi-
conductor film 702, so that an impurity region 704 is formed.

The gate insulating film 703 can be formed by oxidation or
nitriding of a surface of the semiconductor film 702 by high-
density plasma treatment, heat treatment, or the like. The
high-density plasma treatment is performed, for example, by
using a mixed gas ofan inert gas such as He, Ar, Kr, or Xe, and
oxygen, nitrogen oxide, ammonia, nitrogen, hydrogen, or the
like. In this case, by exciting plasma by introduction of micro-
waves, plasma with a low electron temperature and high
density can be generated. By oxidation or nitriding of the
surface of the semiconductor film with oxygen radicals (in-
cluding OH radicals in some cases) or nitrogen radicals (in-
cluding NH radicals in some cases) generated by such high-
density plasma, an insulating film with a thickness of 1 nm to



US 9,093,136 B2

25

20 nm, preferably 5 nm to 10 nm can be formed so as to be in
contact with the semiconductor film. For example, a surface
of the semiconductor film 702 is oxidized or nitrided using
nitrous oxide (N,O) diluted with Ar by 1 times to 3 times
(flow ratio) by application of a microwave (2.45 GHz) power
of 3 kW to 5 kW at a pressure of 10 Pa to 30 Pa. By this
treatment, an insulating film having a thickness of 1 nmto 10
nm (preferably 2 nm to 6 nm) is formed. Further, nitrous oxide
(N,O) and silane (SiH,) are introduced and a microwave
(2.45 GHz) electric power of 3 kW to 5 kW is applied with a
pressure of 10 Pa to 30 Pa so that a silicon oxynitride film is
formed by a vapor deposition method, thereby forming the
gate insulating film. With a combination of a solid-phase
reaction and a reaction by a vapor deposition method, the gate
insulating film with low interface state density and excellent
withstand voltage can be formed.

The oxidation or nitriding of the semiconductor film by the
high-density plasma treatment proceeds by solid-phase reac-
tion. Thus, interface state density between the gate insulating
film 703 and the semiconductor film 702 can be extremely
low. Further, by direct oxidation or nitriding of the semicon-
ductor film 702 by high-density plasma treatment, variation
in the thickness of the insulating film to be formed can be
suppressed. Moreover, in the case where the semiconductor
film has crystallinity, the surface of the semiconductor film is
oxidized with solid-phase reaction by the high-density
plasma treatment to suppress fast oxidation only in a crystal
grain boundary; therefore, the gate insulating film with uni-
formity and low interface state density can be formed. Varia-
tions in the characteristics of a transistor whose gate insulat-
ing film partly or entirely includes an insulating film formed
by high-density plasma treatment can be suppressed.

The gate insulating film 703 may be formed using a single
layer or a stack of layers using a film including silicon oxide,
silicon nitride oxide, silicon oxynitride, silicon nitride,
hafnium oxide, aluminum oxide, tantalum oxide, yttrium
oxide, hafnium silicate (HfSi,0,, (x>0, y>0)), hafnium sili-
cate (HfSi,0, (x>0, y>0)) to which nitrogen is added,
hafnium aluminate (HfA1,0,, (x>0, y>0)) to which nitrogen
is added, or the like by a plasma CVD method, a sputtering
method, or the like.

Note that, in this specification, an oxynitride refers to a
material containing a larger amount of oxygen than that of
nitrogen, and a nitride oxide compound refers to a material
containing a larger amount of nitrogen than that of oxygen.

The thickness of the gate insulating film 703 can be, for
example, greater than or equal to 1 nm and less than or equal
to 100 nm, preferably greater than or equal to 10 nm and less
than or equal to 50 nm. In this embodiment, a single-layer
insulating film containing silicon oxide is used as the gate
insulating film 703 by a plasma CVD method.

Then, after the mask 705 is removed, part of the gate
insulating film 703 is removed as illustrated in FIG. 11C and
an opening 706 is formed in a region overlapping with the
impurity region 704 by etching or the like. After that, a gate
electrode 707 and a conductive film 708 are formed.

A conductive film is formed so as to cover the opening 706
and then is processed (patterned) into a predetermined shape,
so that the gate electrode 707 and the conductive film 708 can
be formed. The conductive film 708 is in contact with the
impurity region 704 in the opening 706. The conductive film
can be formed by a CVD method, a sputtering method, a
vapor deposition method, a spin coating method, or the like.
For the conductive film, tantalum (Ta), tungsten (W), titanium
(Ti), molybdenum (Mo), aluminum (Al), copper (Cu), chro-
mium (Cr), niobium (Nb), or the like can be used. An alloy
containing the above-described metal as a main component or
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a compound containing the above-described metal may be
used. Alternatively, the conductive film may be formed using
asemiconductor such as polycrystalline silicon doped with an
impurity element such as phosphorus which imparts conduc-
tivity to the semiconductor film.

Note that although the gate electrode 707 and the conduc-
tive film 708 are formed using a single-layer conductive film
in this embodiment, this embodiment is not limited to this
structure. The gate electrode 707 and the conductive film 708
may be formed of a plurality of stacked conductive films.

As acombination of two conductive films, tantalum nitride
or tantalum can be used for a first conductive film and tung-
sten can be used for a second conductive film. Besides, the
following combinations are given: tungsten nitride and tung-
sten, molybdenum nitride and molybdenum, aluminum and
tantalum, aluminum and titanium, and the like. Since tung-
sten and tantalum nitride have high heat resistance, a heat
treatment aimed at thermal activation can be performed in
subsequent steps after forming the two conductive films.
Alternatively, as the combination of the two conductive films,
for example, nickel silicide and silicon doped with an impu-
rity element which imparts n-type conductivity, tungsten sili-
cide and silicon doped with an impurity element which
imparts n-type conductivity, or the like can be used.

Inthe case of using a three-layer structure which is stacked
with more than three conductive films, a stacked structure of
a molybdenum film, an aluminum film, and a molybdenum
film is preferable.

A light-transmitting oxide conductive film of indium
oxide, a mixture of indium oxide and tin oxide, a mixture of
indium oxide and zinc oxide, zinc oxide, zinc aluminum
oxide, zinc aluminum oxynitride, zinc gallium oxide, or the
like can be used as the gate electrode 707 and the conductive
film 708.

Alternatively, the gate electrode 707 and the conductive
film 708 may be selectively formed by a droplet discharge
method without the use of a mask. A droplet discharge
method refers to a method for forming a predetermined pat-
tern by discharge or ejection of a droplet containing a prede-
termined composition from an orifice, and includes an inkjet
method in its category.

In addition, the gate electrode 707 and the conductive film
708 may be formed by forming a conductive film, and the
conductive film is etched by inductively coupled plasma
(ICP) etching under appropriately controlled conditions (e.g.,
the amount of electric power applied to a coiled electrode
layer, the amount of electric power applied to an electrode
layer on the substrate side, and the electrode temperature on
the substrate side) to have a desired tapered shape. In addi-
tion, angles and the like of the tapered shapes may also be
controlled by a shape of a mask. Note that as an etching gas,
a chlorine-based gas such as chlorine, boron chloride, silicon
chloride, or carbon tetrachloride; a fluorine-based gas such as
carbon tetrafluoride, sulfur fluoride, or nitrogen fluoride; or
oxygen can be used as appropriate.

Next, as illustrated in FIG. 11D, when an impurity element
which impart one conductivity is added to the semiconductor
film 702 with the gate electrode 707 and the conductive film
708 used as masks, a channel formation region 710 overlap-
ping with the gate electrode 707, a pair of impurity regions
709 between which the channel formation region 710 is pro-
vided, and an impurity region 711 obtained by further adding
an impurity element to part of the impurity region 704 are
formed in the semiconductor film 702.

In this embodiment, the case where an impurity element
which imparts p-type conductivity (e.g., boron) is added to
the semiconductor film 702 is described.
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Note that FIG. 14A is a top view of the memory cell at the
time when the above steps are finished. A cross-sectional
view taken along dashed line A1-A2 in FIG. 14 A corresponds
to FIG. 11D.

Next, as illustrated in FIG. 12A, insulating films 712 and
713 are formed so as to cover the gate insulating film 703, the
gate electrode 707, and the conductive film 708. Specifically,
an inorganic insulating film of silicon oxide, silicon nitride,
silicon nitride oxide, silicon oxynitride, aluminum nitride,
aluminum nitride oxide, or the like can be used as the insu-
lating films 712 and 713. In particular, the insulating films
712 and 713 are preferably formed using a low dielectric
constant (low-k) material because capacitance due to over-
lapping of electrodes or wirings can be sufficiently reduced.
Note that a porous insulating film including such a material
may be employed as the insulating films 712 and 713. Since
the porous insulating film has lower dielectric constant than a
dense insulating layer, parasitic capacitance due to electrodes
or wirings can be further reduced.

In this embodiment, an example in which silicon oxyni-
tride is used for the insulating film 712 and silicon nitride
oxide is used for the insulating film 713 is described. In
addition, in this embodiment, although an example in which
the insulating films 712 and 713 are formed over the gate
electrode 707 and the conductive film 708, in one embodi-
ment of the present invention, only one insulating film may be
formed over the gate electrode 707 and the conductive film
708, or a plurality of insulating films of three or more layers
may be stacked.

Next, as illustrated in FIG. 12B, the insulating films 712
and 713 are subjected to CMP (chemical mechanical polish-
ing) or etching, so that surfaces of the gate electrode 707 and
the conductive film 708 are exposed. Note that in order to
improve the characteristics of the transistor 107 which is
formed later, surfaces of the insulating films 712 and 713 are
preferably flattened as much as possible.

By the above process, the transistor 123 can be formed.

Next, a method for manufacturing the transistor 107 is
described. First, as illustrated in FIG. 12C, an oxide semicon-
ductor film 716 is formed over the insulating film 712 or the
insulating film 713.

The oxide semiconductor film 716 can be formed by pro-
cessing an oxide semiconductor film formed over the insulat-
ing films 712 and 713 into a desired shape. The thickness of
the oxide semiconductor film is greater than or equal to 2 nm
and less than or equal to 200 nm, preferably greater than or
equal to 3 nm and less than or equal to 50 nm, more preferably
greater than or equal to 3 nm and less than or equal to 20 nm.
The oxide semiconductor film is deposited by a sputtering
method using an oxide semiconductor target. Moreover, the
oxide semiconductor film can be formed by a sputtering
method in a rare gas (e.g., argon) atmosphere, an oxygen
atmosphere, or a mixed atmosphere of a rare gas (e.g., argon)
and oxygen.

Note that before the oxide semiconductor film is deposited
by a sputtering method, dust attached to the surfaces of the
insulating films 712 and 713 is preferably removed by reverse
sputtering in which an argon gas is introduced and plasma is
generated. The reverse sputtering refers to a method in which,
without application of voltage to a target side, an RF power
source is used for application of voltage to a substrate side in
an argon atmosphere to generate plasma in the vicinity of the
substrate to modify a surface. Note that instead of an argon
atmosphere, a nitrogen atmosphere, a helium atmosphere, or
the like may be used. Alternatively, an argon atmosphere to
which oxygen, nitrous oxide, or the like is added may be used.
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Alternatively, an argon atmosphere to which chlorine, carbon
tetrafluoride, or the like is added may be used.

As the oxide semiconductor, for example, an indium oxide,
a tin oxide, a zinc oxide, a two-component metal oxide such
as an In—Zn-based oxide, a Sn—Zn-based oxide, an
Al—7n-based oxide, a Zn—Mg-based oxide, a Sn—Mg-
based oxide, an In—Mg-based oxide, or an In—Ga-based
oxide, a three-component metal oxide such as an In—Ga—
Zn-based oxide (also referred to as IGZO), an In—Al—Z7n-
based oxide, an In—Sn—Zn-based oxide, a Sn—Ga—Zn-
based oxide, an Al—Ga—Z7n-based oxide, a Sn—Al—Zn-
based oxide, an In—Hf—Zn-based oxide, an In—La—Zn-
based oxide, an In—Ce—Zn-based oxide, an In—Pr—Zn-
based oxide, an In—Nd—Zn-based oxide, an In—Sm—Zn-
based oxide, an In—FEu—Zn-based oxide, an In—Gd—Zn-
based oxide, an In—Tb—Z7n-based oxide, an In—Dy—Z7n-
based oxide, an In—Ho—Zn-based oxide, an In—Er—Zn-
based oxide, an In—Tm—Zn-based oxide, an In—Yb—Zn-
based oxide, or an In—Lu—Zn-based oxide, a four-
component metal oxide such as an In—Sn—Ga—Zn-based
oxide, an In—Hf—Ga—Zn-based oxide, an In—Al—Ga—
Zn-based oxide, an In—Sn—Al—Zn-based oxide, an
In—Sn—Hf—Zn-based oxide, or an In—Hf—Al—Zn-
based oxide canbe used. The above oxide semiconductor may
include silicon.

For example, an In—Ga—Z7n-based oxide with an atomic
ratio of In:Ga:Zn=1:1:1 (=1/3:1/3:1/3) or In:Ga:Zn=
2:2:1 (=2/5:2/5:1/5), or an oxide with an atomic ratio close to
the above atomic ratios can be used. Alternatively, an
In—Sn—Z7n-based oxide with an atomic ratio of In:Sn:Zn=1:
1:1 (=1/3:1/3:1/3), In:Sn: Zn=2:1:3 (=1/3:1/6:1/2), or In:Sn:
Zn=2:1:5 (=1/4:1/8:5/8), or an oxide with an atomic ratio
close to the above atomic ratios may be used.

However, without limitation to the materials given above, a
material with an appropriate composition may be used
depending on needed semiconductor characteristics (e.g.,
mobility, threshold voltage, and variation). In order to obtain
the needed semiconductor characteristics, it is preferable that
the carrier density, the impurity concentration, the defect
density, the atomic ratio between a metal element and oxygen,
the interatomic distance, the density, and the like be set to
appropriate values.

For example, high mobility can be obtained relatively eas-
ily in the case of using an In—Sn—7n oxide. However,
mobility can be increased by reducing the defect density in a
bulk also in the case of using an In—Ga—Z7n-based oxide.

Note that for example, the expression “the composition of
an oxide with an atomic ratio of In:Ga:Zn=a:b:c (a+b+c=1) is
in the neighborhood of the composition of an oxide with an
atomic ratio of In:Ga:Zn=A:B:C (A+B+C=1)" means that a,
b, and ¢ satisfy the following relation: (a—A)*+(b-B)*+
(c—C)*=r. A variable r may be 0.03, for example. The same
applies to other oxides.

In this embodiment, as the oxide semiconductor film, an
In—Ga—Zn—O0-based oxide semiconductor thin film with a
thickness of 30 nm, which is obtained by a sputtering method
using a target including indium (In), gallium (Ga), and zinc
(Zn), is used. As the above target, a target having a composi-
tion ratio of, for example, In,0;:Ga,0;:Zn0=1:1:1 [molar
ratio] is used. Alternatively, a target having a composition
ratio of In,0,:Ga,0,:Zn0=1:1:2 [molar ratio] or a target
having a composition ratio of In,0;:Ga,05:Zn0O=1:1:4 [mo-
lar ratio] can be used. The filling rate of the target including
In, Ga, and Zn is higher than or equal to 90% and lower than
or equal to 100%, and preferably higher than or equal to 95%
and lower than 100%. With the use of the target with high
filling rate, a dense oxide semiconductor film is deposited.
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Inthis embodiment, the oxide semiconductor film is depos-
ited in such a manner that the substrate is held in a treatment
chamber kept in a reduced pressure state, moisture remaining
in the treatment chamber is removed, a sputtering gas from
which hydrogen and moisture are removed is introduced, and
the target is used. The substrate temperature may be higher
than or equal to 100° C. and lower than or equal to 600° C.,
preferably higher than or equal to 200° C. and lower than or
equal to 400° C. at the deposition. By depositing the oxide
semiconductor film in a state where the substrate is heated,
the concentration of impurities included in the deposited
oxide semiconductor film can be reduced. In addition, dam-
age by sputtering can be reduced. In order to remove remain-
ing moisture in the treatment chamber, an entrapment vacuum
pump is preferably used. For example, a cryopump, an ion
pump, or a titanium sublimation pump is preferably used. The
evacuation unit may be a turbo pump provided with a cold
trap. In the treatment chamber which is evacuated with the
cryopump, for example, a hydrogen atom, a compound con-
taining a hydrogen atom, such as water (H,O), (more prefer-
ably, also a compound containing a carbon atom), and the like
are removed, whereby the impurity concentration in the oxide
semiconductor film deposited in the treatment chamber can
be reduced.

As one example of the deposition condition, the distance
between the substrate and the target is 100 mm, the pressure
is 0.6 Pa, the direct-current (DC) power sourceis 0.5 kW, and
the atmosphere is an oxygen atmosphere (the proportion of
the oxygen flow rate is 100%). Note that a pulsed direct-
current (DC) power supply is preferable because dust gener-
ated in deposition can be reduced and the film thickness can
be made uniform.

Moreover, when the leakage rate of the treatment chamber
of the sputtering apparatus is set to lower than or equal to
1x107'° Pa-m*/second, entry of impurities such as an alkali
metal or hydride into the oxide semiconductor film that is
being formed by a sputtering method can be reduced. Further,
with the use of an entrapment vacuum pump as an exhaustion
system, counter flow of impurities, such as alkali metal,
hydrogen atoms, hydrogen molecules, water, a hydroxyl
group, or hydride, from the exhaustion system can be
reduced.

When the purity of the target is set to 99.99% or higher,
alkali metal, hydrogen atoms, hydrogen molecules, water, a
hydroxyl group, hydride, or the like mixed to the oxide semi-
conductor film can be reduced. In addition, when the target is
used, the concentration of alkali metal such as lithium,
sodium, or potassium can be reduced in the oxide semicon-
ductor film.

Note that in order that hydrogen, a hydroxyl group, and
moisture be contained in the oxide semiconductor film as
little as possible, it is preferable that an impurity such as
hydrogen or moisture that is adsorbed on the substrate 700 be
eliminated and exhausted by preheating of the substrate 700
over which the insulating films 712 and 713 are formed in a
preheating chamber of a sputtering apparatus, as pretreatment
for deposition. The temperature for the preheating is higher
than or equal to 100° C. and lower than or equal to 400° C.,
preferably higher than or equal to 150° C. and lower than or
equal to 300° C. As an evacuation means, a cryopump is
preferably provided in the preheating chamber. Note that this
preheating treatment can be omitted. This preheating may be
similarly performed on the substrate 700 over which conduc-
tive films 719 and 720 are formed before the deposition of a
gate insulating film 721.

Note that etching for forming the oxide semiconductor film
716 may be dry etching, wet etching, or both dry etching and
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wet etching. As an etching gas used for dry etching, a gas
containing chlorine (a chlorine-based gas such as chlorine
(Cl,), boron trichloride (BCl;), silicon tetrachloride (SiCl,),
or carbon tetrachloride (CCl,)) is preferably used. Alterna-
tively, a gas containing fluorine (a fluorine-based gas such as
carbon tetrafluoride (CF,), sulfur hexafluoride (SFy), nitro-
gen trifluoride (NF ), or trifluoromethane (CHF,)), hydrogen
bromide (HBr), oxygen (O,), any of these gases to which a
rare gas such as helium (He) or argon (Ar) is added, or the like
can be used.

As the dry etching method, a parallel plate RIE (reactive
ion etching) method or an ICP (inductively coupled plasma)
etching method can be used. In order to etch the film to have
a desired shape, the etching conditions (e.g., the amount of
electric power applied to a coiled electrode, the amount of
electric power applied to an electrode on the substrate side,
and the electrode temperature on the substrate side) are
adjusted as appropriate.

As an etchant used for the wet etching, a mixed solution of
phosphoric acid, acetic acid, and nitric acid, or organic acid
such as citric acid or oxalic acid can be used. In this embodi-
ment, ITO-07N (produced by KANTO CHEMICAL CO.,
INC.) is used.

A resist mask used for forming the oxide semiconductor
film 716 may be formed by an inkjet method. Formation of the
resist mask by an inkjet method needs no photomask; thus,
manufacturing cost can be reduced.

Note that it is preferable that reverse sputtering be per-
formed before the formation of a conductive film in a subse-
quent step so that a resist residue and the like that attaches
onto surfaces of the oxide semiconductor film 716 and the
insulating films 712 and 713 are removed.

Note that the oxide semiconductor film deposited by sput-
tering or the like contains a large amount of moisture or
hydrogen (including a hydroxyl group) as an impurity in
some cases. Moisture or hydrogen easily forms donor levels
and thus serves as an impurity in the oxide semiconductor. In
one embodiment of the present invention, in order to reduce
impurities such as moisture or hydrogen in the oxide semi-
conductor film (dehydration or dehydrogenation), the oxide
semiconductor film 716 is preferably subjected to heat treat-
ment in a reduced pressure atmosphere, an inert gas atmo-
sphere of nitrogen, a rare gas, or the like, an oxygen gas
atmosphere, or an ultra dry air atmosphere (the moisture
amount is 20 ppm (-55° C. by conversion into a dew point) or
less, preferably 1 ppm or less, further preferably 10 ppb or
less, in the case where the measurement is performed by a
dew point meter in a cavity ring down laser spectroscopy
(CRDS) method).

By subjection the island-shaped oxide semiconductor film
716 to heat treatment, moisture or hydrogen in the oxide
semiconductor film 716 can be eliminated. Specifically, heat
treatment may be performed at a temperature higher than or
equalto 250° C. and lower than or equal to 750° C., preferably
higher than or equal to 400° C. and lower than the strain point
of'a substrate. For example, heat treatment may be performed
at 500° C. for approximately three minutes to six minutes.
When RTA is used for the heat treatment, dehydration or
dehydrogenation can be performed in a short time; thus,
treatment can be performed even at a temperature higher than
the strain point of a glass substrate.

In this embodiment, an electrical furnace that is one of heat
treatment apparatuses is used.

Note that the heat treatment apparatus is not limited to an
electric furnace, and may have a device for heating an object
by heat conduction or heat radiation from a heating element
such as a resistance heating element. For example, an RTA
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(rapid thermal anneal) apparatus such as a GRTA (gas rapid
thermal anneal) apparatus or an LRTA (lamp rapid thermal
anneal) apparatus can be used. An LRTA apparatus is an
apparatus for heating an object to be processed by radiation of
light (an electromagnetic wave) emitted from a lamp such as
a halogen lamp, a metal halide lamp, a xenon arc lamp, a
carbon arc lamp, a high pressure sodium lamp, or a high
pressure mercury lamp. A GRTA apparatus is an apparatus for
heat treatment using a high-temperature gas. As the gas, an
inert gas which does not react with an object to be processed
by heat treatment, like nitrogen or a rare gas such as argon is
used.

In the heat treatment, it is preferable that moisture, hydro-
gen, and the like be not contained in nitrogen or a rare gas
such as helium, neon, or argon. Alternatively, the purity of
nitrogen or a rare gas such as helium, neon, or argon which is
introduced into the heat treatment apparatus is preferably
greater than or equal to 6 N (99.9999%), more preferably
greater than or equal to 7 N (99.99999%) (i.e., the impurity
concentration is less than or equal to 1 ppm, preferably less
than or equal to 0.1 ppm).

Note that it has been pointed out that an oxide semicon-
ductor is insensitive to impurities, there is no problem when a
considerable amount of metal impurities is contained in the
film, and therefore, soda-lime glass which contains a large
amount of alkali metal such as sodium and is inexpensive can
also be used (Kamiya, Nomura, and Hosono, “Engineering
application of solid state physics: Carrier transport properties
and electronic structures of amorphous oxide semiconduc-
tors: the present status”, KOTAI BUTSURI (SOLID STATE
PHYSICS), 2009, Vol. 44, pp. 621-633). But such consider-
ation is not appropriate. Alkali metal is not an element
included in an oxide semiconductor, and therefore, is an
impurity. Also, alkaline earth metal is impurity in the case
where alkaline earth metal is not included in an oxide semi-
conductor. Alkali metal, in particular, Na becomes Na* when
an insulating film in contact with the oxide semiconductor
film is an oxide and Na diffuses into the insulating layer. In
addition, in the oxide semiconductor film, Na cuts or enters a
bond between metal and oxygen which are included in an
oxide semiconductor. As a result, for example, deterioration
of characteristics of the transistor, such as a normally-on state
of the transistor due to shift of a threshold voltage in the
negative direction, or reduction in mobility, occurs. In addi-
tion, variation in characteristics also occurs. Such deteriora-
tion of characteristics of the transistor and variation in char-
acteristics due to the impurity remarkably appear when the
hydrogen concentration in the oxide semiconductor film is
very low. Therefore, when the hydrogen concentration in the
oxide semiconductor film is less than or equal to 1x10'%cm?,
preferably less than or equal to 1x10*“/cm?, the concentration
of the above impurity is preferably reduced. Specifically, a
measurement value of a Na concentration by secondary ion
mass spectrometry is preferably less than or equal to 5x10'%/
cm®, more preferably less than or equal to 1x10'%cm?, still
more preferably less than or equal to 1x10'%/cm?. In a similar
manner, a measurement value of a [.i concentration is prefer-
ably less than or equal to 5x10"°/cm®, more preferably less
than or equal to 1x10">/cm?>. In a similar manner, a measure-
ment value of a K concentration is preferably less than or
equal to 5x10'%/cm®, more preferably less than or equal to
1x10"%/cm?>.

Through the above steps, the hydrogen concentration in the
oxide semiconductor film 716 can be lowered. Thus, the
oxide semiconductor film can be stabilized. In addition, the
heat treatment at a temperature of lower than or equal to the
glass transition temperature makes it possible to form an
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oxide semiconductor film with a wide bandgap and a low
carrier density due to hydrogen. Therefore, the transistor can
be manufactured using a large-sized substrate, so that the
productivity can be increased. The above heat treatment can
be performed at any time after the oxide semiconductor film
is formed.

Note that the oxide semiconductor film may be amorphous
or may have crystallinity. As an oxide semiconductor film
having crystallinity, an oxide including crystals with c-axis
alignment (also referred to as CAAC: ¢ axis aligned crystal) is
also preferable because the effect of improving the reliability
of a transistor can be obtained.

Sputtering may be performed to form an oxide semicon-
ductor film including CAAC. In order to obtain CAAC by a
sputtering method, it is important to form hexagonal crystals
in an initial stage of deposition of an oxide semiconductor
film and to cause crystal growth from the hexagonal crystals
as cores. In order to achieve this, it is preferable that the
distance between the target and the substrate be made to be
longer (e.g., 150 mm to 200 mm) and a substrate heating
temperature be 100° C. to 500° C., more preferably 200° C. to
400° C., still preferably 250° C. to 300° C. In addition to this,
the deposited oxide semiconductor film is subjected to heat
treatment at a temperature higher than the substrate heating
temperature in the deposition. Therefore, micro-defects in the
film and defects at the interface of a stacked layer can be
compensated.

Specifically, CAAC is non-single-crystal, has atoms
arranged in a triangular, hexagonal, equilateral triangular, or
regular hexagonal shape when seen from a direction perpen-
dicular to an a-b plane, and have a phase in which metal atoms
are arranged in layers in the c-axis direction or a phase in
which metal atoms and oxygen atoms are arranged in layers in
the c-axis direction

In CAAC, metal atoms and oxygen atoms are bonded in an
orderly manner in comparison with an amorphous oxide
semiconductor. That is to say, in the case where an oxide
semiconductor is amorphous, the coordination numbers
might vary between various metal atoms, but the coordination
numbers of metal atoms are almost the same as each other in
CAAC. Therefore, microscopic defects of oxygen can be
reduced and instability and moving of charge that are due to
attachment and detachment of hydrogen atoms (including
hydrogen ions) or alkali metal atoms can be reduced.

Accordingly, a transistor is formed using an oxide semi-
conductor film including CAAC, whereby the amount of shift
of the threshold voltage of the transistor, which occurs after
light irradiation and a bias-temperature (BT) stress test are
performed on the transistor, can be reduced. Accordingly, a
transistor having stable electric characteristics can be formed.

Then, as illustrated in FIG. 13 A, the conductive film 719
which is in contact with the gate electrode 707 and the oxide
semiconductor film 716, and the conductive film 720 which is
in contact with the conductive film 708 and the oxide semi-
conductor film 716 are formed. The conductive films 719 and
720 function as a source and drain electrodes.

Specifically, the conductive films 719 and 720 can be
formed in such a manner that a conductive film is formed so
as to cover the gate electrode 707 and the conductive film 708
by a sputtering method or a vacuum vapor deposition method
and then is processed (patterned) into a predetermined shape.

As the conductive film which serves as the conductive films
719 and 720, any of the following materials can be used: an
element selected from aluminum, chromium, copper, tanta-
lum, titanium, molybdenum, or tungsten; an alloy including
any of these elements; an alloy film including the above
elements in combination; and the like. Alternatively, a struc-
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ture may be employed in which a film of a refractory metal
such as chromium, tantalum, titanium, molybdenum, or tung-
sten is stacked over or below a metal film of aluminum or
copper. Aluminum or copper is preferably used in combina-
tion with a refractory metal material in order to avoid prob-
lems with heat resistance and corrosion. As the refractory
metal material, molybdenum, titanium, chromium, tantalum,
tungsten, neodymium, scandium, yttrium, or the like can be
used.

Further, the conductive film which serves as the conductive
films 719 and 720 may have a single-layer structure or a
layered structure of two or more layers. For example, a single-
layer structure of an aluminum film containing silicon, a
two-layer structure in which a titanium film is stacked over an
aluminum film, a three-layer structure in which a titanium
film, an aluminum film, and a titanium film are stacked in that
order, and the like can be given. A Cu—Mg—Al alloy, a
Mo—Ti alloy, Ti, and Mo have high adhesiveness with an
oxide film. Therefore, for the conductive films 719 and 720, a
layered structure is employed in which a conductive film
including a Cu—Mg—Al alloy, a Mo—Ti alloy, Ti, or Mo is
used for the lower layer and a conductive film including Cu is
used for the upper layer; thus, the adhesiveness between an
insulating film which is an oxide film and the conductive films
719 and 720 can be increased.

For the conductive film which serves as the conductive
films 719 and 720, a conductive metal oxide may be used. As
the conductive metal oxide, indium oxide, tin oxide, zinc
oxide, a mixture of indium oxide and tin oxide, a mixture of
indium oxide and zinc oxide, or the conductive metal oxide
material containing silicon or silicon oxide can be used.

In the case where heat treatment is performed after forma-
tion ofthe conductive film, the conductive film preferably has
heat resistance enough to withstand the heat treatment.

Note that each material and etching conditions are adjusted
as appropriate so that the oxide semiconductor film 716 is not
removed as much as possible at the time of etching the con-
ductive film. Depending on the etching conditions, an
exposed portion of the oxide semiconductor film 716 is partly
etched, so that a groove (a depression portion) is formed in
some cases.

In this embodiment, a titanium film is used for the conduc-
tive film. Therefore, wet etching can be selectively performed
on the conductive film using a solution (an ammonia hydro-
gen peroxide mixture) containing ammonia and hydrogen
peroxide water. As the ammonia hydrogen peroxide mixture,
specifically, a solution in which hydrogen peroxide water of
31 wt %, ammonia water of 28 wt %, and water are mixed at
avolume ratio of 5:2:2 is used. Alternatively, dry etching may
be performed on the conductive film with the use of a gas
containing chlorine (Cl,), boron chloride (BCL,), or the like.

In order to reduce the number of photomasks and steps in a
photolithography step, etching may be performed with the
use of a resist mask formed using a multi-tone mask which is
alight-exposure mask through which light is transmitted so as
to have a plurality of intensities. A resist mask formed using
a multi-tone mask has a plurality of thicknesses and can be
changed in shape by etching; thus, the resist mask can be used
in a plurality of etching processes for processing films into
different patterns. Therefore, a resist mask corresponding to
at least two kinds or more of different patterns can be formed
by one multi-tone mask. Thus, the number of light-exposure
masks can be reduced and the number of corresponding pho-
tolithography steps can be also reduced, whereby simplifica-
tion of a process can be realized.

Further, an oxide conductive film functioning as a source
region and a drain region may be provided between the oxide
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semiconductor film 716 and the conductive films 719 and 720
functioning as source and drain electrodes. The material of
the oxide conductive film preferably contains zinc oxide as a
component and preferably does not contain indium oxide. For
such an oxide conductive film, zinc oxide, zinc aluminum
oxide, zinc aluminum oxynitride, gallium zinc oxide, or the
like can be used.

For example, in the case where the oxide conductive film is
formed, patterning for forming the oxide conductive film and
patterning for forming the conductive films 719 and 720 may
be performed concurrently.

With provision of the oxide conductive film functioning as
a source region and a drain region, resistance between the
oxide semiconductor film 716 and the conductive films 719
and 720 can be lowered, so that the transistor can operate at
high speed. In addition, with provision of the oxide conduc-
tive film functioning as a source region and a drain region, the
withstand voltage of the transistor can be increased.

Next, plasma treatment may be performed using a gas such
as N,O, N,, or Ar. By this plasma treatment, water or the like
adhering to an exposed surface of the oxide semiconductor
film is removed. Plasma treatment may be performed using a
mixture gas of oxygen and argon as well.

Note that FIG. 14B is a top view of the memory cell at the
time when the above steps are finished. A cross-sectional
view taken along dashed line A1-A2 in FIG. 14B corresponds
to FIG. 13A.

After the plasma treatment, as illustrated in FIG. 13B, the
gate insulating film 721 is formed so as to cover the conduc-
tive films 719 and 720 and the oxide semiconductor film 716.
Then, a gate electrode 722 is formed over the gate insulating
film 721 so as to overlap with the oxide semiconductor film
716, and a conductive film 723 is formed over the conductive
film 719 so as to overlap with the conductive film 719.

The gate insulating film 721 can be formed using a material
and a layered structure which are similar to those of the gate
insulating film 703. Note that the gate insulating film 721
preferably includes impurities such as moisture or hydrogen
as little as possible, and the gate insulating film 721 may be
formed using a single-layer insulating film or a plurality of
insulating films stacked. When hydrogen is contained in the
gate insulating film 721, hydrogen enters the oxide semicon-
ductor film 716 or oxygen in the oxide semiconductor film
716 is extracted by hydrogen, whereby the oxide semicon-
ductor film 716 has lower resistance (n-type conductivity);
thus, a parasitic channel might be formed. Thus, it is impor-
tant that a deposition method in which hydrogen is not used be
employed in order to form the gate insulating film 721 con-
taining hydrogen as little as possible. A material having a high
barrier property is preferably used for the gate insulating film
721. As the insulating film having a high barrier property, a
silicon nitride film, a silicon nitride oxide film, an aluminum
nitride film, an aluminum nitride oxide film, or the like can be
used, for example. When a plurality of insulating films
stacked are used, an insulating film having low proportion of
nitrogen such as a silicon oxide film or a silicon oxynitride
film is formed on a side which is closer to the oxide semicon-
ductor film 716 than the insulating film having a high barrier
property. Then, the insulating film having a high barrier prop-
erty is formed so as to overlap with the conductive films 719
and 720 and the oxide semiconductor film 716 with the insu-
lating film having low proportion of nitrogen sandwiched
therebetween. When the insulating film having a high barrier
property is used, impurities such as moisture or hydrogen can
be prevented from entering the oxide semiconductor film 716,
the gate insulating film 721, or the interface between the
oxide semiconductor film 716 and another insulating film and
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the vicinity thereof. In addition, the insulating film having
low proportion of nitrogen, such as a silicon oxide film or a
silicon oxynitride film, is formed so as to be in contact with
the oxide semiconductor film 716, so that the insulating film
having a high barrier property can be prevented from being in
direct contact with the oxide semiconductor film 716.

In this embodiment, the gate insulating film 721 with a
structure in which a silicon nitride film with a thickness of 100
nm formed by sputtering is stacked over a silicon oxide film
with a thickness of 200 nm formed by a sputtering method is
formed. The substrate temperature at deposition may be
higher than or equal to room temperature and lower than or
equal to 300° C. and in this embodiment, is 100° C.

After the gate insulating film 721 is formed, heat treatment
may be performed. The heat treatment is performed in a
nitrogen atmosphere, ultra-dry air, or arare gas (e.g., argon or
helium) atmosphere preferably at a temperature higher than
or equal to 200° C. and lower than or equal to 400° C., for
example, higher than or equal to 250° C. and lower than or
equal to 350° C. It is preferable that the water content in the
gas be 20 ppm or less, preferably 1 ppm or less, further
preferably 10 ppb or less. In this embodiment, for example,
heat treatment is performed at 250° C. in a nitrogen atmo-
sphere for one hour. Alternatively, RTA treatment for a short
time at a high temperature may be performed before the
formation of the conductive films 719 and 720 in a manner
similar to that of the heat treatment performed on the oxide
semiconductor film for reduction of moisture or hydrogen.
Even when oxygen defects are generated in the oxide semi-
conductor film 716 by the heat treatment performed on the
oxide semiconductor film 716 by performing heat treatment
after provision of the gate insulating film 721 containing
oxygen, oxygen is supplied to the oxide semiconductor film
716 from the gate insulating film 721. By the supply of
oxygen to the oxide semiconductor film 716, oxygen defects
that serve as donors can be reduced in the oxide semiconduc-
tor film 716 and the stoichiometric composition can be satis-
fied. The oxide semiconductor film 716 preferably contains
oxygen whose composition exceeds the stoichiometric com-
position. As a result, the oxide semiconductor film 716 can be
substantially intrinsic and variation in electrical characteris-
tics of the transistor due to oxygen defects can be reduced;
thus, electrical characteristics can be improved. The timing of
this heat treatment is not particularly limited as long as it is
after the formation of the gate insulating film 721. When this
heat treatment serves as heat treatment in another step (e.g.,
heat treatment at the time of formation of a resin film or heat
treatment for lowering the resistance of a transparent conduc-
tive film), the oxide semiconductor film 716 can be made to be
substantially intrinsic without the increase in the number of
steps.

Alternatively, the oxygen defects that serve as donors in the
oxide semiconductor film 716 may be reduced by subjecting
the oxide semiconductor film 716 to heat treatment in an
oxygen atmosphere so that oxygen is added to the oxide
semiconductor. The heat treatment is performed, for example,
at a temperature higher than or equal to 100° C. and lower
than 350° C., preferably higher than or equal to 150° C. and
lower than 250° C. It is preferable that an oxygen gas used for
the heat treatment under an oxygen atmosphere do not
include water, hydrogen, or the like. Alternatively, the purity
of'the oxygen gas which is introduced into the heat treatment
apparatus is preferably greater than or equal to 6N
(99.9999%) or more, further preferably greater than or equal
to 7N (99.99999%) (that is, the impurity concentration in the
oxygen gas is less than or equal to 1 ppm, preferably less than
or equal to 0.1 ppm).
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Alternatively, oxygen may be added to the oxide semicon-
ductor film 716 by an ion implantation method, an ion doping
method, or the like so that oxygen defects that serve as donors
are reduced. For example, oxygen made to be plasma with a
microwave of 2.45 GHz may be added to the oxide semicon-
ductor film 716.

The gate electrode 722 and the conductive film 723 can be
formed in such a manner that a conductive film is formed over
the gate insulating film 721 and then is patterned. The gate
electrode 722 and the conductive film 723 can be formed
using a material and a layered structure which are similar to
those of the gate electrode 707 and the conductive films 719
and 720.

The thickness of each of the gate electrode 722 and the
conductive film 723 is 10 nm to 400 nm, preferably 100 nm to
200 nm. In this embodiment, after a conductive film with a
thickness of 150 nm for the gate electrode is formed by a
sputtering method using a tungsten target, the conductive film
is processed (patterned) into a desired shape by etching,
whereby the gate electrode 722 and the conductive film 723
are formed. Note that a resist mask may be formed by an
inkjet method. Formation of the resist mask by an inkjet
method needs no photomask; thus, manufacturing cost can be
reduced.

Through the above steps, the transistor 107 is formed.

Note that a portion where the conductive film 719 and the
conductive film 723 overlap with each other with the gate
insulating film 721 provided therebetween corresponds to the
capacitor 120.

Note that FIG. 14C is a top view of the memory cell at the
time when the above steps are finished. A cross-sectional
view taken along dashed line A1-A2 in FIG. 14C corresponds
to FIG. 13B.

Although the transistor 107 is described as a single-gate
transistor, a multi-gate transistor including a plurality of
channel formation regions can be formed when a plurality of
gate electrodes which are electrically connected are included
when needed.

Note that an insulating film which is in contact with the
oxide semiconductor film 716 (in this embodiment, corre-
sponding to the gate insulating film 721) may be formed using
an insulating material containing an element that belongs to
Group 13 and oxygen. By using such an insulating material
containing a Group 13 element for the insulating film in
contact with the oxide semiconductor film, an interface with
the oxide semiconductor film can keep a favorable state.

An insulating material containing a Group 13 element
refers to an insulating material containing one or more ele-
ments that belong to Group 13. As the insulating material
containing a Group 13 element, a gallium oxide, an aluminum
oxide, an aluminum gallium oxide, a gallium aluminum
oxide, and the like are given. Here, aluminum gallium oxide
refers to a material in which the amount of aluminum is larger
than that of gallium in atomic percent, and gallium aluminum
oxide refers to a material in which the amount of gallium is
larger than or equal to that of aluminum in atomic percent.

For example, in the case of forming an insulating film in
contact with an oxide semiconductor film containing gallium,
a material including gallium oxide may be used as an insu-
lating film, so that favorable characteristics can be kept at the
interface between the oxide semiconductor film and the insu-
lating film. When the oxide semiconductor film and the insu-
lating film containing gallium oxide are provided in contact
with each other, pileup of hydrogen at the interface between
the oxide semiconductor film and the insulating film can be
reduced, for example. Note that a similar effect can be
obtained in the case where an element in the same group as a
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constituent element of the oxide semiconductor is used in an
insulating film. For example, it is effective to form an insu-
lating film with the use of a material including aluminum
oxide. Note that aluminum oxide has a property of not easily
transmitting water. Thus, it is preferable to use a material
including aluminum oxide in terms of preventing entry of
water to the oxide semiconductor film.

The insulating film which is in contact with the oxide
semiconductor film 716 preferably contains oxygen in a pro-
portion higher than that in the stoichiometric composition, by
heat treatment in an oxygen atmosphere or oxygen doping.
“Oxygen doping” refers to addition of oxygen into a bulk.
Note that the term “bulk” is used in order to clarify that
oxygen is added not only to a surface of a thin film but also to
the inside of the thin film. In addition, “oxygen doping”
includes “oxygen plasma doping” in which oxygen which is
made to be plasma is added to a bulk. The oxygen doping may
be performed by ion implantation or ion doping.

For example, in the case where the insulating film which is
in contact with the oxide semiconductor film 716 is formed
using gallium oxide, the composition of gallium oxide can be
set to be Ga,0, (X=3+a, 0<a<l) by heat treatment in an
oxygen atmosphere or oxygen doping.

In the case where the insulating film which is in contact
with the oxide semiconductor film 716 is formed using alu-
minum oxide, the composition of aluminum oxide can be set
to be AL,O, (X=3+a, 0<a<1) by heat treatment in an oxygen
atmosphere or oxygen doping.

In the case where the insulating film which is in contact
with the oxide semiconductor film 716 is formed using gal-
lium aluminum oxide (aluminum gallium oxide), the compo-
sition of gallium aluminum oxide (aluminum gallium oxide)
can be set to be GaAl, O, , (0<X<2, 0<a<l) by heat treat-
ment in an oxygen atmosphere or oxygen doping.

By oxygen doping, an insulating film which includes a
region where the proportion of oxygen is higher than that in
the stoichiometric composition can be formed. When the
insulating film including such a region is in contact with the
oxide semiconductor film, oxygen that exists excessively in
the insulating film is supplied to the oxide semiconductor
film, and oxygen deficiency in the oxide semiconductor film
or at the interface between the oxide semiconductor film and
the insulating film is reduced. Thus, the oxide semiconductor
film can be formed to an intrinsic or substantially intrinsic
oxide semiconductor.

The insulating film including a region where the proportion
of oxygen is higher than that in the stoichiometric composi-
tion may be applied to either the insulating film placed on an
upper side of the oxide semiconductor film or the insulating
film placed on alower side of the oxide semiconductor film of
the insulating films which are in contact with the oxide semi-
conductor film 716; however, it is preferable to apply such an
insulating film to both the insulating films which are in con-
tact with the oxide semiconductor film 716. The above effect
can be enhanced with a structure where the oxide semicon-
ductor film 716 is provided between the insulating films each
including a region where the proportion of oxygen is higher
than that in the stoichiometric composition, which are used as
the insulating films in contact with the oxide semiconductor
film 716 and positioned on the upper side and the lower side
of the oxide semiconductor film 716.

The insulating films on the upper side and the lower side of
the oxide semiconductor film 716 may contain the same con-
stituent element or different constituent elements. For
example, the insulating films on the upper side and the lower
side may be both formed of gallium oxide whose composition
is Ga, 0, (x=3+a, 0<a<1). Alternatively, one of the insulating
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films on the upper side and the lower side may be formed of
Ga,O, (x=3+0a, 0<a<1) and the other may be formed of
aluminum oxide whose composition is Al,O, (x=3+a,
O<o<l).

The insulating film which is in contact with the oxide
semiconductor film 716 may be formed by a stack of insulat-
ing films each including a region where the proportion of
oxygen is higher than that in the stoichiometric composition.
For example, the insulating film on the upper side of the oxide
semiconductor film 716 may be formed as follows: gallium
oxide whose composition is Ga,0, (X=3+a, 0<a<l) is
formed and gallium aluminum oxide (aluminum gallium
oxide) whose composition is Ga,Al, 05, (0<X<2, 0<a<1)
may be formed thereover. Note that the insulating film on the
lower side of the oxide semiconductor film 716 may be
formed by a stack of insulating films each including a region
where the proportion of oxygen is higher than that in the
stoichiometric composition. Alternatively, both the insulating
films on the upper side and the lower side of the oxide semi-
conductor film 716 may be formed by a stack of insulating
films each including a region where the proportion of oxygen
is higher than that in the stoichiometric composition.

Next, as illustrated in FIG. 13C, an insulating film 724 is
formed so as to cover the gate insulating film 721, the con-
ductive film 723, and the gate electrode 722. The insulating
film 724 can be formed by PVD, CVD, or the like. The
insulating film 724 can be formed using a material including
an inorganic insulating material such as silicon oxide, silicon
oxynitride, silicon nitride, hafnium oxide, gallium oxide, or
aluminum oxide. Note that for the insulating film 724, a
material with a low dielectric constant or a structure with a
low dielectric constant (e.g., a porous structure) is preferably
used. When the dielectric constant of the insulating film 724
is lowered, parasitic capacitance generated between wirings
or electrodes can be reduced, which results in higher speed
operation. Note that although the insulating film 724 has a
single-layer structure in this embodiment, one embodiment
of the present invention is not limited to this structure. The
insulating film 724 may have a layered structure of two or
more layers.

Next, an opening 725 is formed in the gate insulating film
721 and the insulating film 724, so that part of the conductive
film 720 is exposed. After that, a wiring 726 which is in
contact with the conductive film 720 through the opening 725
is formed over the insulating film 724.

A conductive film is formed by PVD or CVD and then is
patterned, so that the wiring 726 is formed. As the material of
the conductive film, an element selected from aluminum,
chromium, copper, tantalum, titanium, molybdenum, or tung-
sten; an alloy containing any of these elements as a compo-
nent; or the like can be used. A material including one of
manganese, magnesium, zirconium, beryllium, neodymium,
and scandium or a combination of any of these elements may
be used.

Specifically, for example, it is possible to employ a method
in which a thin titanium film (with a thickness of about 5 nm)
is formed in a region including the opening of the insulating
film 724 by a PVD method and then, an aluminum film is
formed so as to be embedded in the opening 725. Here, the
titanium film formed by a PVD method has a function of
reducing an oxide film (e.g., a native oxide film) formed on a
surface over which the titanium film is formed, to decrease the
contact resistance with the lower electrode or the like (here,
the conductive film 720). In addition, hillock of aluminum
film can be prevented. A copper film may be formed by a
plating method after the formation of the barrier film of tita-
nium, titanium nitride, or the like.
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The opening 725 formed in the insulating film 724 is pret-
erably formed in a region overlapping with the conductive
film 708. With provision of the opening 725 in such a region,
the increase in element area due to a contact region can be
prevented.

Here, the case where a connection position of the impurity
region 704 and the conductive film 720 and a connection
position of the conductive film 720 and the wiring 726 overlap
with each other without the use of the conductive film 708 is
described. In that case, an opening (also referred to as an
opening in a lower portion) is formed in the insulating films
712 and 713 which are formed over the impurity region 704,
and the conductive film 720 is formed so as to cover the
opening in the lower portion. After that, an opening (also
referred to as an opening in an upper portion) is formed in the
gate insulating film 721 and the insulating film 724 in aregion
overlapping with the opening in the lower portion, and the
wiring 726 is formed. When the opening in the upper portion
is formed in the region overlapping with the opening in the
lower portion, the conductive film 720 formed in the opening
in the lower portion might be disconnected by etching. In
order to avoid the disconnection, the openings in the lower
portion and in the upper portion are formed so as not to
overlap with each other, so that a problem of the increase in
element area occurs.

As described in this embodiment, with the use of the con-
ductive film 708, the opening in the upper portion can be
formed without disconnection of the conductive film 720.
Thus, the openings in the lower portion and in the upper
portion can be formed so as to overlap with each other, so that
the increase in element area due to the openings can be sup-
pressed. In short, the integration degree of a signal processing
circuit can be increased.

Next, an insulating film 727 is formed so as to cover the
wiring 726. Through the series of steps, the memory device
can be manufactured.

Note that in the manufacturing method, the conductive
films 719 and 720 functioning as source and drain electrodes
are formed after the formation of the oxide semiconductor
film 716. Thus, as illustrated in FIG. 13B, in the transistor 107
obtained by the manufacturing method, the conductive films
719 and 720 are formed over the oxide semiconductor film
716. However, in the transistor 107, the conductive films
functioning as source and drain electrodes may be formed
below the oxide semiconductor film 716, that is, between the
oxide semiconductor film 716 and the insulating films 712
and 713.

FIG. 15 illustrates a cross-sectional view of a memory cell
at the time when the conductive films 719 and 720 function-
ing as source and drain electrodes are provided between the
oxide semiconductor film 716 and the insulating films 712
and 713. The transistor 107 illustrated in FIG. 15 can be
obtained in such a manner that the conductive films 719 and
720 are formed after the formation of the insulating film 713,
and then, the oxide semiconductor film 716 is formed.

This embodiment can be implemented by being combined
as appropriate with any of the above embodiments.
(Embodiment 7)

In this embodiment, a transistor including an oxide semi-
conductor film having a structure different from that in
Embodiment 6 will be described.

A transistor 901 illustrated in FIG. 16A includes an oxide
semiconductor film 903 which is formed over an insulating
film 902 and functions as an active layer; a source electrode
904 and a drain electrode 905 which are formed over the oxide
semiconductor film 903; a gate insulating film 906 over the
oxide semiconductor film 903, the source electrode 904, and
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the drain electrode 905; and a gate electrode 907 over the gate
insulating film 906, provided in a position overlapping with
the oxide semiconductor film 903.

The transistor 901 illustrated in FIG. 16A is a top-gate
transistor in which the gate electrode 907 is formed over the
oxide semiconductor film 903 and also is a top-contact tran-
sistor in which the source electrode 904 and the drain elec-
trode 905 are formed over the oxide semiconductor film 903.
The source electrode 904 and the drain electrode 905 do not
overlap with the gate electrode 907 in the transistor 901. That
is, a distance between the source electrode 904 and the gate
electrode 907 and a distance between the drain electrode 905
and the gate electrode 907 are each larger than the thickness
of'the gate insulating film 906. Accordingly, parasitic capaci-
tances between the source electrode 904 and the gate elec-
trode 907 and between the drain electrode 905 and the gate
electrode 907 can be reduced, and thus high speed operation
can be achieved in the transistor 901.

The oxide semiconductor film 903 includes a pair of high
concentration regions 908 which is obtained by addition of a
dopant imparting n-type conductivity to the oxide semicon-
ductor film 903 after the gate electrode 907 is formed. Further,
in the oxide semiconductor film 903, a region which overlaps
with the gate electrode 907 with the gate insulating film 906
provided therebetween is a channel formation region 909. In
the oxide semiconductor film 903, the channel formation
region 909 is provided between the pair of high concentration
regions 908. The dopant for forming the high concentration
regions 908 can be added by an ion implantation method. A
rare gas such as helium, argon, and xenon; an atom belonging
to Group 5, such as nitrogen, phosphorus, arsenic, and anti-
mony; or the like can be used as the dopant.

For example, when nitrogen is used as the dopant, it is
preferable that the high concentration regions 908 have a
nitrogen atom concentration higher than or equal to 5x10'%/
cm® and lower than or equal to 1x10*%/cm>.

The high concentration regions 908 to which the dopant
imparting n-type conductivity is added has higher conductiv-
ity than other regions in the oxide semiconductor film 903.
Thus, the high concentration regions 908 are provided in the
oxide semiconductor film 903, whereby a resistance between
the source electrode 904 and the drain electrode 905 can be
reduced.

When an In—Ga—Zn-based oxide semiconductor is used
for the oxide semiconductor film 903, heat treatment is per-
formed for approximately an hour at a temperature higher
than or equal to 300° C. and lower than or equal to 600° C.
after the addition of nitrogen, so that an oxide semiconductor
in the high concentration regions 908 has a wurtzite crystal
structure. When the oxide semiconductor in the high concen-
tration regions 908 has a wurtzite crystal structure, the con-
ductivity of the high concentration regions 908 can be further
increased and the resistance between the source electrode 904
and the drain electrode 905 can be further reduced. Note that
in order to effectively reduce the resistance between the
source electrode 904 and the drain electrode 905 by forming
the oxide semiconductor having a wurtzite crystal structure,
when nitrogen is used as the dopant, the nitrogen atom con-
centration in the high concentration regions 908 is preferably
higher than or equal to 1x10?°/cm® and lower than or equal to
7 atoms %. However, even when the nitrogen atom concen-
tration is lower than the above range, the oxide semiconductor
having a wurtzite crystal structure can be obtained in some
cases.

Further, the oxide semiconductor film 903 may include
CAAC. When the oxide semiconductor film 903 includes
CAAC, the conductivity of the oxide semiconductor film 903
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can be high as compared to that in the case of an amorphous
semiconductor; therefore, the resistance between the source
electrode 904 and the drain electrode 905 can be reduced.

The reduction in the resistance between the source elec-
trode 904 and the drain electrode 905 ensures a high on-state
current and high speed operation even when the transistor 901
is miniaturized. Further, the miniaturization of the transistor
901 makes it possible to reduce an area occupied by a memory
cell and increase memory capacitance per unit area of a cell
array.

A transistor 911 illustrated in FIG. 16B includes a source
electrode 914 and a drain electrode 915 which are formed
over an insulating film 912; an oxide semiconductor film 913
which is formed over the source electrode 914 and the drain
electrode 915 and functions as an active layer; a gate insulat-
ing film 916 over the oxide semiconductor film 913, the
source electrode 914, and the drain electrode 915; and a gate
electrode 917 over the gate insulating film 916, provided in a
position overlapping with the oxide semiconductor film 913.

The transistor 911 illustrated in FIG. 16B is a top-gate
transistor in which the gate electrode 917 is formed over the
oxide semiconductor film 913, and is a bottom-contact tran-
sistor in which the source electrode 914 and the drain elec-
trode 915 are formed below the oxide semiconductor film
913. In a similar manner to the transistor 901, the source
electrode 914 and the drain electrode 915 do not overlap with
the gate electrode 917 in the transistor 911. Thus, parasitic
capacitances formed between the source electrode 914 and
the gate electrode 917 and between the drain electrode 915
and the gate electrode 917 can be reduced and high speed
operation can be achieved.

In addition, the oxide semiconductor film 913 includes a
pair of high concentration regions 918 which is obtained by
addition of a dopant imparting n-type conductivity to the
oxide semiconductor film 913 after the gate electrode 917 is
formed. Further, in the oxide semiconductor film 913, a
region which overlaps with the gate electrode 917 with the
gate insulating film 916 provided therebetween is a channel
formation region 919. A channel formation region 919 is
provided between the pair of high concentration regions 918
in the oxide semiconductor film 913.

The high concentration regions 918 can be formed by an
ion implantation method in a similar manner to the case of the
high concentration regions 908 included in the transistor 901.
The case of the high concentration regions 908 can be referred
to for a kind of the dopant for forming the high concentration
regions 918.

For example, when nitrogen is used as the dopant, it is
preferable that the high concentration regions 918 have a
nitrogen atom concentration higher than or equal to 5x10"°/
cm® and lower than or equal to 1x10*%/cm>.

The high concentration regions 918 to which the dopant
imparting n-type conductivity has higher conductivity than
other regions in the oxide semiconductor film 913. Thus, the
high concentration regions 918 are included in the oxide
semiconductor film 913, which results in a reduction in resis-
tance between the source electrode 914 and the drain elec-
trode 915.

When an In—Ga—Zn-based oxide semiconductor is used
for the oxide semiconductor film 913, heat treatment is per-
formed for an hour at a temperature higher than or equal to
300° C. and lower than or equal to 600° C. after the addition
of nitrogen, so that an oxide semiconductor in the high con-
centration regions 918 has a wurtzite crystal structure. When
the oxide semiconductor in the high concentration regions
918 has a wurtzite crystal structure, the conductivity of the
high concentration regions 918 can be further increased and
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the resistance of the source electrode 914 and the drain elec-
trode 915 can be further reduced. Note that in order to effec-
tively reduce the resistance between the source electrode 914
and the drain electrode 915 by forming the oxide semicon-
ductor having a wurtzite crystal structure, when nitrogen is
used as a dopant, the nitrogen atom concentration in the high
concentration regions 918 is preferably higher than or equal
to 1x10**/cm® and lower than or equal to 7 atoms %. How-
ever, even when the nitrogen atom concentration is lower than
the above range, the oxide semiconductor having a wurtzite
crystal structure can be obtained in some cases.

Further, the oxide semiconductor film 913 may include
CAAC. When the oxide semiconductor film 913 includes
CAAC, the conductivity of the oxide semiconductor film 913
can be high as compared to that in the case of an amorphous
semiconductor, and thus the resistance between the source
electrode 914 and the drain electrode 915 can be reduced.

The reduction in the resistance between the source elec-
trode 914 and the drain electrode 915 ensures a high on-state
current and high speed operation even when the transistor 911
is miniaturized. Further, the miniaturization of the transistor
911 makes it possible to reduce an area occupied by a memory
cell and increase memory capacity perunit area of a cell array.

A transistor 921 illustrated in FIG. 16C includes an oxide
semiconductor film 923 which is formed over an insulating
film 922 and functions as an active layer; a source electrode
924 and a drain electrode 925 which are formed over the oxide
semiconductor film 923; a gate insulating film 926 over the
oxide semiconductor film 923, the source electrode 924, and
the drain electrode 925; and a gate electrode 927 over the gate
insulating film 926, provided in a position overlapping with
the oxide semiconductor film 923. The transistor 921 further
includes sidewalls 930 provided on the side of the gate elec-
trode 927 and formed using an insulating film.

The transistor 921 illustrated in FIG. 16C is a top-gate
transistor in which the gate electrode 927 is formed over the
oxide semiconductor film 923, and also is a top-contact tran-
sistor in which the source electrode 924 and the drain elec-
trode 925 are formed over the oxide semiconductor film 923.
Since the source electrode 924 and the drain electrode 925 do
not overlap with the gate electrode 927 in the transistor 921 in
a similar manner to the transistor 901, parasitic capacitances
between the source electrode 924 and the gate electrode 927
and between the drain electrode 925 and the gate electrode
927 can be reduced and high speed operation can be achieved.

Further, the oxide semiconductor film 923 includes a pair
of high concentration regions 928 and a pair of low concen-
tration regions 929 which can be obtained by the addition of
a dopant imparting n-type conductivity to the oxide semicon-
ductor film 923 after the gate electrode 927 is formed. Fur-
thermore, in the oxide semiconductor film 923, a region
which overlaps with the gate electrode 927 with the gate
insulating film 926 provided therebetween is a channel for-
mation region 931. In the oxide semiconductor film 923, the
pair of low concentration regions 929 is provided between the
pair of high concentration regions 928, and the channel for-
mation region 931 is provided between the pair of low con-
centration regions 929. The pair of low concentration regions
929 is provided in regions which are included in the oxide
semiconductor film 923 and overlap with the sidewalls 930
with the gate insulating film 926 provided therebetween.

The high concentration regions 928 and the low concen-
tration regions 929 can be formed by an ion implantation
method in a similar manner to the case of the high concentra-
tion regions 908 included in the transistor 901. The case of the
high concentration regions 908 can be referred to for a kind of
the dopant for forming the high concentration regions 928.
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For example, when nitrogen is used as the dopant, it is
preferable that the high concentration regions 928 have a
nitrogen atom concentration higher than or equal to 5x10'°/
cm® and lower than or equal to 1x10**/cm®. Further, when
nitrogen is used as the dopant, for example, it is preferable
that the low concentration regions 929 have a nitrogen atom
concentration higher than or equal to 5x10'%/cm® and lower
than 5x10% cm?.

The high concentration regions 928 to which the dopant
imparting n-type conductivity have higher conductivity than
other regions in the oxide semiconductor film 923. Thus, the
high concentration regions 928 are provided in the oxide
semiconductor film 923, which results in a reduction in resis-
tance between the source electrode 924 and the drain elec-
trode 925. Further, the low concentration regions 929 are
provided between the channel formation region 931 and the
high concentration regions 928, which result in a reduction in
negative shift of a threshold voltage due to a short-channel
effect.

When an In—Ga—Zn-based oxide semiconductor is used
for the oxide semiconductor film 923, heat treatment is per-
formed for an hour at a temperature higher than or equal to
300° C. and lower than or equal to 600° C. after the addition
of nitrogen, so that an oxide semiconductor in the high con-
centration regions 928 has a wurtzite crystal structure. Fur-
ther, the low concentration regions 929 may have a wurtzite
crystal structure by the heat treatment depending on the con-
centration of the nitrogen. When the oxide semiconductor in
the high concentration regions 928 has a wurtzite crystal
structure, the conductivity of the high concentration regions
928 can be further increased and the resistance of the source
electrode 924 and the drain electrode 925 can be further
reduced. Note that in order to effectively reduce the resistance
between the source electrode 924 and the drain electrode 925
by forming the oxide semiconductor having a wurtzite crystal
structure, when nitrogen is used as a dopant, the nitrogen
atom concentration in the high concentration regions 928 is
preferably higher than or equal to 1x10*°/cm® and lower than
or equal to 7 atoms %. However, even when the nitrogen atom
concentration is lower than the above range, the oxide semi-
conductor having a wurtzite crystal structure can be obtained
in some cases.

Further, the oxide semiconductor film 923 may include
CAAC. When the oxide semiconductor film 923 includes
CAAC, the conductivity of the oxide semiconductor film 923
can be high as compared to that in the case of an amorphous
semiconductor, and thus the resistance between the source
electrode 924 and the drain electrode 925 can be reduced.

The reduction in the resistance between the source elec-
trode 924 and the drain electrode 925 ensures a high on-state
current and high speed operation even when the transistor 921
is miniaturized. Further, the miniaturization of the transistor
921 makes it possible to reduce an area occupied by a memory
cell and increase memory capacity perunit area of a cell array.

A transistor 941 illustrated in FIG. 16D includes a source
electrode 944 and a drain electrode 945 which are formed
over an insulating film 942; an oxide semiconductor film 943
which is formed over the source electrode 944 and the drain
electrode 945 and functions as an active layer; a gate insulat-
ing film 946 over the oxide semiconductor film 943, the
source electrode 944, and the drain electrode 945; and a gate
electrode 947 over the gate insulating film 946, provided in a
position overlapping with the oxide semiconductor film 943.
The transistor 941 further includes sidewalls 950 which is
provided on the side of the gate electrode 947 and formed
using an insulating film.
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The transistor 941 illustrated in FIG. 16D is a top-gate
transistor in which the gate electrode 947 is formed over the
oxide semiconductor film 943, and is a bottom-contact tran-
sistor in which the source electrode 944 and the drain elec-
trode 945 are formed below the oxide semiconductor film
943. Since the source electrode 944 and the drain electrode
945 do not overlap with the gate electrode 947 in the transistor
941 in a similar manner to the transistor 901, parasitic capaci-
tances between the source electrode 944 and the gate elec-
trode 947 and between the drain electrode 945 and the gate
electrode 947 can be reduced and high speed operation can be
achieved.

Further, the oxide semiconductor film 943 includes a pair
of high concentration regions 948 and a pair of low concen-
tration regions 949 which can be obtained by the addition of
a dopant imparting n-type conductivity to the oxide semicon-
ductor film 943 after the gate electrode 947 is formed. Fur-
thermore, in the oxide semiconductor film 943, a region
which overlaps with the gate electrode 947 with the gate
insulating film 946 provided therebetween is a channel for-
mation region 951. In the oxide semiconductor film 943, the
pair of low concentration regions 949 is provided between the
pair of high concentration regions 948, and the channel for-
mation region 951 is provided between the pair of low con-
centration regions 949. The pair of low concentration regions
949 is provided in a region which is included in the oxide
semiconductor film 943 and overlaps with the sidewalls 950
with the gate insulating film 946 provided therebetween.

The high concentration regions 948 and the low concen-
tration regions 949 can be formed by an ion implantation
method in a similar manner to the case of the high concentra-
tion regions 908 included in the transistor 901. The case of the
high concentration regions 908 can be referred to for a kind of
the dopant for forming the high concentration regions 948.

For example, when nitrogen is used as the dopant, it is
preferable that the high concentration regions 948 have a
nitrogen atom concentration higher than or equal to 5x10"°/
cm® and lower than or equal to 1x10**/cm®. Further, when
nitrogen is used as the dopant, for example, it is preferable
that the low concentration regions 949 have a nitrogen atom
concentration higher than or equal to 5x10'%/cm> and lower
than 5x10'° cm?.

The high concentration regions 948 to which the dopant
imparting n-type conductivity has higher conductivity than
other regions in the oxide semiconductor film 943. Thus, the
high concentration regions 948 are included in the oxide
semiconductor film 943, which results in a reduction in resis-
tance between the source electrode 944 and the drain elec-
trode 945. Further, the low concentration regions 949 are
provided between the channel formation region 951 and the
high concentration regions 948, which result in a reduction in
negative shift of a threshold voltage due to a short-channel
effect.

When an In—Ga—Zn-based oxide semiconductor is used
for the oxide semiconductor film 943, heat treatment for an
hour at a temperature higher than or equal to 300° C. and
lower than or equal to 600° C. after the addition of nitrogen
enables an oxide semiconductor in the high concentration
regions 948 to include a wurtzite crystal structure. Further,
the low concentration regions 949 may include a wurtzite
crystal structure by the heat treatment depending on the con-
centration of the nitrogen. When the oxide semiconductor in
the high concentration regions 948 includes a wurtzite crystal
structure, the conductivity of the high concentration regions
948 can be further increased and the resistance of the source
electrode 944 and the drain electrode 945 can be further
reduced. Note that in order to effectively reduce the resistance
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between the source electrode 944 and the drain electrode 945
by forming the oxide semiconductor having a wurtzite crystal
structure, when nitrogen is used as a dopant, the nitrogen
atom concentration in the high concentration regions 948 is
preferably higher than or equal to 1x10?°/cm® and lower than
or equal to 7 atoms %. However, even when the nitrogen atom
concentration is lower than the above range, the oxide semi-
conductor having a wurtzite crystal structure can be obtained
in some cases.

Further, the oxide semiconductor film 943 may include
CAAC. When the oxide semiconductor film 943 includes
CAAC, the conductivity of the oxide semiconductor film 943
can be high as compared to that in the case of an amorphous
semiconductor, and thus the resistance between the source
electrode 944 and the drain electrode 945 can be reduced.

The reduction in the resistance between the source elec-
trode 944 and the drain electrode 945 ensures a high on-state
current and high speed operation even when the transistor 941
is miniaturized. Further, the miniaturization of the transistor
941 makes it possible to reduce an area occupied by a memory
cell and increase memory capacity perunit area of a cell array.

Note that, as one of methods for manufacturing high con-
centration regions functioning as a source region and a drain
region in a transistor including an oxide semiconductor by a
self-aligned process, a method is disclosed in which a surface
of an oxide semiconductor film is exposed and argon plasma
treatment is performed to reduce resistance of the region in
the oxide semiconductor film which is exposed to plasma (S.
Jeon et al. “180 nm Gate Length Amorphous InGaZnO Thin
Film Transistor for High Density Image Sensor Application”,
IEDM Tech. Dig., p. 504, 2010).

However, in the manufacturing method, a gate insulating
film needs to be partly removed after formation of the gate
insulating film so that portions which are to serve as the
source region and the drain region are exposed. At the time of
partly removing the gate insulating film, part of an oxide
semiconductor film below the gate insulating film is over-
etched, so that the thicknesses of the portions which are to
serve as the source region and the drain region are reduced. As
a result, the resistance of the source region and the drain
region is increased, and characteristic defect due to the over
etching is likely to occur.

To miniaturize a transistor, it is necessary to employ a dry
etching method with high process precision. However, the
above over etching is more likely to occur when a dry etching
method which does not sufficiently ensure selectivity
between the oxide semiconductor film and the gate insulating
film.

For example, no problem is caused when the oxide semi-
conductor film has a sufficient thickness, but in the case where
achannel length is 200 nm or less, it is necessary that a portion
of the oxide semiconductor film, which is to serve as a chan-
nel formation region, be 20 nm or less, preferably 10 nm or
less, in order to prevent a short-channel effect. When such a
thin oxide semiconductor film is used, the over etching of the
oxide semiconductor film is not preferable because the over
etching causes an increase in resistance of the source region
and the drain region, and a characteristic defect of the tran-
sistor, as described above.

However, when a dopant is added to the oxide semicon-
ductor in the state where the oxide semiconductor film is not
exposed and a gate insulating film remains, as described in
one embodiment of the present invention, the over etching of
the oxide semiconductor film can be prevented and excessive
damage to the oxide semiconductor film can be reduced. In
addition, an interface between the oxide semiconductor film
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and the gate insulating film is kept clean. Consequently, char-
acteristics and reliability of the transistor can be improved.

This embodiment can be implemented by being combined
as appropriate with any of the above embodiments.
(Embodiment 8)

This embodiment describes a case where a signal process-
ing circuit according to one embodiment of the present inven-
tion is applied to mobile electronic devices such as a mobile
phone, a smartphone, and an electronic book reader. An
SRAM or a DRAM is used in a general mobile electronic
device, for example, in the case where image data is tempo-
rary stored. An SRAM or a DRAM is used because its
response speed at the time of writing, reading, or the like is
higher than that of a flash memory or the like, and thus is
suitable to be used in processing of image data.

On the other hand, there is the following disadvantage
when the SRAM or the DRAM is used for temporary storing
image data. Ina general SRAM, one memory cell includes six
transistors 401 to 406, as illustrated in FIG. 18A, and is driven
by an X decoder 407 and aY decoder 408. The memory cell
includes an inverter including the transistor 403 and the tran-
sistor 405 and an inverter including the transistor 404 and the
transistor 406. Although an SRAM has an advantage of high
response speed, one memory cell includes six transistors,
resulting in a disadvantage that the area of the memory cell is
large. Provided that the minimum feature size of a design rule
is F, the area of a memory cell in an SRAM is generally 100F>
to 150F2. Therefore, a price per bit of an SRAM is the most
expensive among semiconductor memory devices.

In contrast, as illustrated in FIG. 18B, a memory cell of a
DRAM includes a transistor 411 and a capacitor 412, and is
driven by an X decoder 413 and a Y decoder 414. One
memory cell includes one transistor and one capacitor, and
the area of the memory cell is small. The area of a memory cell
of a DRAM is generally 10F> or less. However, in the case of
a DRAM, refresh operation is constantly necessary and
power is consumed even when rewriting operations is not
performed.

In a memory device which is applied to the signal process-
ing circuit according to one embodiment of the present inven-
tion, the area of the memory cell is around 10F* and frequent
refresh operation is not necessary. Unlike a general SRAM or
DRAM, the above memory device can achieve two objects of
a reduction in the area of the memory cell and a reduction in
power consumption.

FIG. 19 is a block diagram of a mobile phone. The mobile
phone shown in FIG. 19 includes an RF circuit 421, an analog
baseband circuit 422, a digital baseband circuit 423, a battery
424, a power supply circuit 425, an application processor 426,
a flash memory 430, a display controller 431, a memory
circuit 432, a display 433, a touch sensor 439, an audio circuit
437, akeyboard 438, and the like. The display 433 includes a
display portion 434, a source driver 435, and a gate driver 436.
The application processor 426 includes a CPU 427, a DSP
428, and an interface (IF) 429. The memory circuit 432 gen-
erally includes an SRAM or a DRAM, but the application of
the memory device described in the above embodiment to the
memory circuit 432 makes it possible to reduce a price per
one bit and reduce power consumption.

FIG. 20 is a block diagram of a structure of the memory
circuit 432. The memory circuit 432 includes a memory
device 442, a memory device 443, a switch 444, a switch 445,
and a memory controller 441.

First, image data is received in the mobile phone or formed
by the application processor 426. The image data is stored in
the memory device 442 via the switch 444. The image data
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output via the switch 444 is sent to the display 433 via the
display controller 431. The display 433 displays an image
using the image data.

In the case where an image does not change, like in the case
of a still image, the image data read out from the memory
device 442 continues to be sent to the display controller 431
via the switch 445, generally at a cycle of 30 Hz to 60 Hz.
When a user performs switching of an image displayed on the
display, the application processor 426 forms new image data
and the image data is stored in the memory device 443 via the
switch 444. Even when the new image data in the memory
device 443 is stored, image data is periodically read out from
the memory device 442 via the switch 445.

When the storage of the new image data in the memory
device 443 is completed, the new data stored in the memory
device 443 is read out and sent to the display 433 via the
switch 445 and the display controller 431. The display 433
displays an image using the new image data which has been
sent. The reading of the image data is continuously performed
until next new image data is stored in the memory device 442.
In this manner, the memory device 442 and the memory
device 443 alternately perform writing and reading of image
data, and the display 433 displays an image.

The memory device 442 and the memory device 443 are
not necessarily different memory devices, and a memory
region included in one memory device may be divided to be
used.

FIG. 21 is a block diagram of an electronic book reader.
The electronic book reader of FIG. 21 includes a battery 451,
a power supply circuit 452, a microprocessor 453, a flash
memory 454, an audio circuit 455, a keyboard 456, a memory
circuit 457, a touch panel 458, a display 459, and a display
controller 460. The microprocessor 453 includes a CPU 467,
a DSP 468, and an interface (IF) 469. The memory device
described in the above embodiment can be used for the
memory circuit 457 in the signal processing circuit according
to one embodiment of the present invention.

For example, when a user utilizes a function of highlight-
ing which clarifies a difference between a predetermined
portion and other portions in book data, for example, by
changing the color of the display, underlining, displaying
with bold letters, and changing the style of letters in the
predetermined portion, the data of the portion which is speci-
fied by the user in the book data needs to be stored. The
memory circuit 457 has a function of temporary storing the
data. Note that when the data is held for a long time, the data
may be copied in the flash memory 454.

This embodiment can be implemented by being combined
as appropriate with any of the above embodiments.
(Embodiment 9)

One mode of a structure of a memory device will be
described in this embodiment.

FIG. 22 and FIG. 23 are each a cross-sectional view of a
memory device. In each of the memory devices of FIG. 22 and
FIG. 23, a plurality of memory cells formed in multiple layers
is provided in an upper portion and a logic circuit 3004 is
included in a lower portion. A memory cell 3170q and a
memory cell 317056 which are included in the plurality of
memory cells are illustrated as typical examples.

Note that a transistor 3171a included in the memory cell
3170aq is illustrated as a typical example. A transistor 31715
included in the memory cell 31705 is illustrated as a typical
example. Each of the transistor 3171a and the transistor
317154 includes an oxide semiconductor film including a
channel formation region. The structure of the transistor in
which the channel formation region is formed in the oxide
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semiconductor film is the same as the structure described in
any of the other embodiments, and thus the description of the
structure is omitted.

An electrode 3501a which is formed in the same layer as a
source electrode and a drain electrode of the transistor 3171a
is electrically connected to an electrode 30034 via an elec-
trode 35024. An electrode 3501¢ which is formed in the same
layer as a source electrode and a drain electrode of the tran-
sistor 31715 is electrically connected to an electrode 3003¢
via an electrode 3502c.

The logic circuit 3004 includes a transistor 3001 in which
a semiconductor material except an oxide semiconductor is
used as a channel formation region. The transistor 3001 can
be a transistor obtained in such a manner that an element
separation insulating film 3106 is provided over a substrate
3000 including a semiconductor material (e.g., silicon) and a
region serving as the channel formation region is formed in a
region surrounded by the element separation insulating film
3106. Note that the transistor 3001 may be a transistor
obtained in such a manner that the channel formation region
is formed in a semiconductor film such as a silicon film
formed on an insulating surface or in a silicon film of an SOI
substrate. Description of the transistor 3001 is omitted
because a known structure can be used.

A wiring 3100qg and a wiring 31005 are provided between
the transistor 3171a and the transistor 3001. An insulating
film 3140q¢ is provided between the wiring 3100a and the
layer including the transistor 3001. An insulating film 3141a
is provided between the wiring 3100a and the wiring 31005.
An insulating film 3142q is provided between the wiring
31005 and the layer including the transistor 3171a.

Similarly, a wiring 3100¢ and a wiring 31004 are provided
between the transistor 31716 and the transistor 3171a. An
insulating film 31405 is provided between the wiring 3100¢
and the layer including the transistor 3171a. An insulating
film 314154 is provided between the wiring 3100¢ and the
wiring 3100d. An insulating film 31425 is provided between
the wiring 31004 and the layer including the transistor 31715.

The insulating films 3140a, 3141a, 3142a, 314056, 31415,
and 31426 each function as an interlayer insulating film
whose surface can be planarized.

The wirings 31004, 31005, 3100¢, and 31004 enable elec-
trical connection between the memory cells, electrical con-
nection between the logic circuit 3004 and the memory cells,
and the like.

An electrode 3303 included in the logic circuit 3004 can be
electrically connected to a circuit provided in the upper por-
tion.

For example, as illustrated in FIG. 22, the electrode 3303
can be electrically connected to the wiring 3100a via an
electrode 3505. The wiring 3100a can be electrically con-
nected to an electrode 35015 via an electrode 3503a. In this
manner, the wiring 3100a¢ and the electrode 3303 can be
electrically connected to the source or the drain of the tran-
sistor 3171a. In addition, the electrode 35015 can be electri-
cally connected to an electrode 30035 via an electrode 35025.
The electrode 30035 can be electrically connected to the
wiring 3100¢ via an electrode 35035.

Although the electrode 3303 is electrically connected to
the transistor 3171a via the wiring 3100a in FIG. 22, one
embodiment is not limited thereto. The electrode 3303 may
be electrically connected to the transistor 3171a via either the
wiring 31006 or the wiring 3100a and the wiring 31005.
Further, as illustrated in FIG. 23, the electrode 3303 may be
electrically connected to the transistor 31714 via neither the
wiring 3100q nor the wiring 31005. In FIG. 23, the electrode
3303 is electrically connected to the electrode 30035 via an
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electrode 3503. The electrode 300354 is electrically connected
to the source or the drain of the transistor 3171a. In this
manner, the electrode 3303 can be electrically connected to
the transistor 3171a.

Although FIG. 22 and FIG. 23 each illustrate the example
in which two memory cells (the memory cell 3170q and the
memory cell 31705) are stacked, the number of memory cells
to be stacked is not limited to this structure.

Further, although FIG. 22 and FIG. 23 each illustrate the
structure in which two wiring layers, that is, a wiring layer
including the wiring 3100q and a wiring layer including the
wiring 31005 are provided between the layer including the
transistor 3171a and the layer including the transistor 3001,
one embodiment is not limited to this structure. One wiring
layer or three or more wiring layers may be provided between
the layer including the transistor 3171a and the layer includ-
ing the transistor 3001.

Furthermore, FIG. 22 and FIG. 23 each illustrate the struc-
ture in which two wiring layers, that is, a wiring layer includ-
ing the wiring 3100c¢ and a wiring layer including the wiring
31004 are provided between the layer including the transistor
317156 and the layer including the transistor 3171a, one
embodiment is not limited to this structure. One wiring layer
or three or more wiring layers may be provided between the
layer including the transistor 31715 and the layer including
the transistor 3171a.

This embodiment can be implemented by being combined
as appropriate with any of the above embodiments.

EXAMPLE 1

A signal processing circuit according to one embodiment
of the present invention is used, so that an electronic device
with low power consumption can be provided. In particular,
in the case of a portable electronic device which has difficulty
in continuously receiving power, when a signal processing
circuit with low power consumption according to one
embodiment of the present invention is added as a component
of the device, an advantage in increasing the continuous
operation time can be obtained. Further, with the use of a
transistor with small off-state current, redundant circuit
design which is needed to cover a failure caused by large
off-state current is unnecessary; therefore, the integration
degree of the signal processing circuit can be increased, and
the signal processing circuit can have higher functionality.

The signal processing circuit according to one embodiment
of the present invention can be used for display devices,
personal computers, or image reproducing devices provided
with recording media (typically, devices which reproduce the
content of recording media such as digital versatile discs
(DVDs) and have displays for displaying the reproduced
images). Besides the above, as an electronic device which can
employ the signal processing circuit according to one
embodiment of the present invention, mobile phones, por-
table game machines, portable information terminals, e-book
readers, cameras such as video cameras and digital still cam-
eras, goggle-type displays (head mounted displays), naviga-
tion systems, audio reproducing devices (e.g., car audio sys-
tems and digital audio players), copiers, facsimiles, printers,
multifunction printers, automated teller machines (ATM),
vending machines, and the like can be given. Specific
examples of these electronic devices are illustrated in FIGS.
17A to 17F.

FIG. 17A illustrates an e-book reader including a housing
7001, a display portion 7002, and the like. The signal pro-
cessing circuit according to one embodiment of the present
invention can be used for an integrated circuit used for con-
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trolling driving of the e-book reader. With use of the signal
processing circuit according to one embodiment of the
present invention for the integrated circuit for controlling
driving of the e-book reader, the e-book reader can reduce
power consumption. When a flexible substrate is used, the
signal processing circuit can have flexibility, whereby a user-
friendly e-book reader which is flexible and lightweight can
be provided.

FIG. 17B illustrates a display device including a housing
7011, a display portion 7012, a supporting base 7013, and the
like. The signal processing circuit according to one embodi-
ment of the present invention can be used for an integrated
circuit used for controlling driving ofthe display device. With
use of the signal processing circuit according to one embodi-
ment of the present invention for the integrated circuit for
controlling driving of the display device, the display device
can reduce power consumption. Note that the display device
includes all display devices for displaying information, such
as display devices for personal computers, for receiving TV
broadcast, and for displaying advertisements, in its category.

FIG. 17C illustrates a display device including a housing
7021, a display portion 7022, and the like. The signal pro-
cessing circuit according to one embodiment of the present
invention can be used for an integrated circuit used for con-
trolling driving of the display device. With use of the signal
processing circuit according to one embodiment of the
present invention for the integrated circuit for controlling
driving of the display device, the display device can reduce
power consumption. Moreover, with the use of a flexible
substrate, the signal processing circuit can have flexibility.
Thus, a user-friendly display device which is flexible and
lightweight can be provided. Accordingly, as illustrated in
FIG. 17C, the display device can be used while being fixed to
fabric or the like, and the application range of the display
device is dramatically widened.

FIG. 17D illustrates a portable game machine including a
housing 7031, a housing 7032, a display portion 7033, a
display portion 7034, a microphone 7035, speakers 7036, an
operation key 7037, a stylus 7038, and the like. The signal
processing circuit according to one embodiment of the
present invention can be used for an integrated circuit used for
controlling driving of the portable game machine. With use of
the signal processing circuit according to one embodiment of
the present invention for the integrated circuit for controlling
driving of the portable game machine, the portable game
machine can reduce power consumption. Note that although
the portable game machine illustrated in FIG. 17D includes
two display portions 7033 and 7034, the number of display
portions included in the portable game machine is not limited
to two.

FIG. 17E illustrates a mobile phone including a housing
7041, a display portion 7042, an audio-input portion 7043, an
audio-output portion 7044, operation keys 7045, a light-re-
ceiving portion 7046, and the like. Light received in the
light-receiving portion 7046 is converted into electrical sig-
nals, whereby external images can be loaded. The signal
processing circuit according to one embodiment of the
present invention can be used for an integrated circuit used for
controlling driving of the mobile phone. With use of the signal
processing circuit according to one embodiment of the
present invention for the integrated circuit for controlling
driving of the mobile phone, the mobile phone can reduce
power consumption.

FIG. 17F illustrates a portable information terminal includ-
ing a housing 7051, a display portion 7052, operation keys
7053, and the like. A modem may be incorporated in the
housing 7051 of the portable information terminal illustrated
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in FIG. 17F. The signal processing circuit according to one
embodiment of the present invention can be used for an inte-
grated circuit used for controlling driving of the portable
information terminal. With use of the signal processing cir-
cuitaccording to one embodiment of the present invention for
the integrated circuit for controlling driving of the portable
information terminal, a portable information terminal can
reduce power consumption.

This embodiment can be implemented by being combined
as appropriate with any of the above embodiments.

This application is based on Japanese Patent Application
serial No. 2010-291835 filed with Japan Patent Office on Dec.
28,2010, the entire contents of which are hereby incorporated
by reference.

What is claimed is:

1. A signal processing circuit comprising a plurality of
memory cells each comprising:

a first word line and a second word line;

a first data line and a second data line;

a first transistor comprising an oxide semiconductor in a

channel formation region;

a second transistor; and

amemory element to which a charge having an amount that

depends on a value of data is supplied via the first tran-
sistor,

wherein a gate of the first transistor is electrically con-

nected to the first word line and one of source and drain
of'the first transistor is electrically connected to the first
data line, and
wherein a gate of the second transistor is electrically con-
nected to the second word line, one of source and drain
of the second transistor is electrically connected to the
second data line, and the other of source and drain of the
second ftransistor is electrically connected to the
memory element.
2. The signal processing circuit according to claim 1,
wherein an off-state current density of the first transistor is
lower than or equal to 100 zA/pm.
3. The signal processing circuit according to claim 1,
wherein the oxide semiconductor comprises In, Ga, and Zn.
4. The signal processing circuit according to claim 1,
wherein a hydrogen concentration of the channel formation
region is lower than 5x10*%/cm?>.
5. The signal processing circuit according to claim 1,
wherein the signal processing circuit is an L.SI comprising a
CPU, a DSP, or a microcomputer.
6. The signal processing circuit according to claim 1, fur-
ther comprising:
a control unit;
an arithmetic unit; and
a buffer memory device,
wherein the buffer memory device stores data sent from a
main memory device or the arithmetic unit in accor-
dance with an instruction from the control unit, and

wherein the buffer memory device comprises the plurality
of memory cells.

7. A signal processing circuit comprising a plurality of
memory cells each comprising:

a first word line and a second word line;

a first data line and a second data line;

a first transistor comprising an oxide semiconductor in a

channel formation region; and

a second transistor;

wherein a gate of the first transistor is electrically con-

nected to the first word line, one of source and drain of
the first transistor is electrically connected to the first
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data line, the other of source and drain of the first tran-
sistor is electrically connected to a first gate of the sec-
ond transistor, and

wherein a second gate of the second transistor is electri-
cally connected to the second word line, one of source
and drain of the second transistor is electrically con-
nected to the second data line, and the other of source
and drain of the second transistor is electrically con-
nected to a node to which a predetermined potential is
applied.
8. The signal processing circuit according to claim 7,
wherein an off-state current density of the first transistor is
lower than or equal to 100 zA/um.

9. The signal processing circuit according to claim 7,
wherein the oxide semiconductor comprises In, Ga, and Zn.

10. The signal processing circuit according to claim 7,
wherein a hydrogen concentration of the channel formation
region is lower than 5x10'%/cm>.

11. The signal processing circuit according to claim 7,
wherein the signal processing circuit is an L.SI comprising a
CPU, a DSP, or a microcomputer.

12. The signal processing circuit according to claim 7,
further comprising:

a control unit;
an arithmetic unit; and
a buffer memory device,

wherein the buffer memory device stores data sent from a
main memory device or the arithmetic unit in accor-
dance with an instruction from the control unit, and

wherein the buffer memory device comprises the plurality
of memory cells.
13. A signal processing circuit comprising a plurality of
memory cells each comprising:

a word line;
a first data line and a second data line;

a first transistor comprising an oxide semiconductor in a
channel formation region; and

a second transistor and a third transistor,

wherein a gate of the first transistor is electrically con-
nected to the word line, one of source and drain of the
first transistor is electrically connected to the first data
line, and the other of source and drain of the first tran-
sistor is electrically connected to a gate of the third
transistor, and

wherein a gate of the second transistor is electrically con-
nected to the word line, one of source and drain of the
second transistor is electrically connected to the second
data line, and the other of source and drain of the second
transistor is electrically connected to one of source and
drain of the third transistor.

14. The signal processing circuit according to claim 13,
wherein an off-state current density of the first transistor is
lower than or equal to 100 zA/ pm.

15. The signal processing circuit according to claim 13,
wherein the oxide semiconductor comprises In, Ga, and Zn.

16. The signal processing circuit according to claim 13,
wherein a hydrogen concentration of the channel formation
region is lower than 5x10™%/cm?>.

17. The signal processing circuit according to claim 13,
wherein the signal processing circuit is an L.SI comprising a
CPU, a DSP, or a microcomputer.
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18. The signal processing circuit according to claim 13,
further comprising:

a control unit;

an arithmetic unit; and

a buffer memory device, 5

wherein the buffer memory device stores data sent from a
main memory device or the arithmetic unit in accor-
dance with an instruction from the control unit, and

wherein the buffer memory device comprises the plurality
of memory cells. 10

#* #* #* #* #*

54



